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ABSTRACT
Estimation and Mitigation of Stresses in Mass Concrete Structures Containing Ground
Granulated Blast Furnace Slag and Fly Ash

Guadalupe Leon

In large concrete structures, due to concrete’s low thermal conductivity, the interior temperature
rise can approach the concrete’s adiabatic temperature rise. As the concrete’s surface losses heat to the
environment and cools rapidly, the interior of the concrete attempts to expand while the exterior provides
an internal restraint. The phenomenon causes thermal stresses at the concrete’s surface. If the thermal
stresses exceed the concrete’s tensile strength, there is a high probability of cracking. The cracks usually
appear during the first few days after construction while the concrete’s tensile strength is low. These
early-age cracks can reduce the service life of the structure by allowing the entry of detrimental chemicals
such as deicer chemicals and chloride salts that corrode the concrete’s steel reinforcement. The risk of
early-age cracking can be alleviated by lessening the temperature gradients inside the concrete structure.
This can be accomplished by reducing the cement quantity in the mix design, reducing the placement
temperature, adding supplementary cementitious materials, or using insulation blankets. Structures that
are at risk of experiencing thermal cracks are usually termed as “mass concrete”. However, the definition
of mass concrete is non-uniform and varies from state to state. Thus, a uniform definition is needed. In
this study, a methodology to estimate the early-age tensile stresses was developed and used to create
definition tables for three common concrete pier stems.
The mechanical and thermal properties of two thermally friendly “Class M” mix designs with
supplemental cementitious materials (using either 50% replacement of the cement with ground granulated
blast furnace slag (GGBFS) or 30% replacement of the cement with Class F fly ash) were experimentally
measured and incorporated into a finite-element analysis. These properties include heat of hydration,
adiabatic temperature rise, activation energy, thermal conductivity, static elastic modulus, compressive
and tensile strength, creep, and thermal expansion coefficient. A methodology to incorporate the timedependent material properties of concrete containing GGBFS and fly ash was developed, and a
viscoelastic analysis was used to estimate the early-age thermal stresses. A two-term exponential degree
of hydration was proposed to better capture the hydration behavior of cement binders with GGBFS and
Class F fly ash. The heat rate was derived for the two-term degree of hydration function and incorporated
into the finite-element model. The derived heat rate was found to model the hydration of blended binders
better than those found in literature. The effect of creep was considered in a viscoelastic analysis where
the creep strain in different directions was dependent on the loading direction and magnitude while other
studies use an overall element stiffness in a linear elastic static analysis. Thus, the viscoelastic analysis
can estimate the stress in displacement induced load and unloading cycles such as non-uniform
temperature deformations caused by temperature gradients. The creep increment was derived using a
strain super-position method and incorporated into a viscoelastic analysis. The time-dependent material
properties were implemented in the commercial finite-element software ABAQUS using usersubroutines. Thus, the concrete’s early-age viscoelastic behavior could be accurately modeled and
enabled a better estimation of the early-age stresses. The finite-element analysis was then compared to
temperature loggers and strain gages embedded in 4-ft concrete cubes and was found to match well with
the experimental measurements.

Local concrete suppliers within West Virginia were selected to produce and deliver 12-yd3 to 15yd of Class M concrete to check the consistency and production feasibility of Class M concrete. Three
districts were selected by the WVDOT where suppliers delivered their own Class M mix to test the
concrete’s workability and uniformity. It was found that all the delivered batches met the requirements for
slump and air content, however for two districts, D-10 and D-5, the delivered w/cm ratio was significantly
higher than expected. The higher w/cm ratio led to low early-age strength. The findings of the feasibility
study were used to determine the water-content of the Class M concrete.
3

The finite-element model was used to develop mass definition tables for three different pier stem
geometries with steel formwork, no extra insulation, and a 30 °F daily ambient temperature drop. Mass
definition tables for pier stems without insulation were constructed for two daily ambient temperature
conditions (Case 1: 60 °F to 90 °F and Case 2: 30 °F to 60 °F). Circular, rectangular, and square pierstem geometries were evaluated from 2-ft to 9-ft in 0.5-ft increments. The concrete pier-stems were
considered non-mass if the predicted tensile stresses did not exceed 80% of the estimated tensile strength.
Thus, the definition for mass concrete was uniform. The results were tabulated in “green/red” tables. It
was found that the reduction in total cement content and replacement with supplemental cementitious
material (using 50% GGBFS or 30% Class F fly ash as Class M concrete) reduced the heat, and the high
early-age viscoelastic behavior of these mixes lowered the early-age tensile stresses compared to a typical
ordinary Portland cement (OPC) mix design. Furthermore, a 1-in foam board insulation layer (R = 5) was
added on the steel formwork to reduce the thermal gradient inside the concrete elements. The insulation
layer was assumed to be removed at 10-days in the “worst-case” environmental condition (30 °F to 60
°F). FEM analysis shows that the thermal gradient and the early-age stresses were reduced, however, the
removal of the insulation layer needs to be conducted carefully to reduce the thermal shock. The analysis
developed in this study is applicable to concrete structure undergoing creep deformation during thermal
and shrinkage loading and unloading cycles. Results show that using the measurements of the mechanical
properties and the methods proposed in this study, an accurate estimation of the maximum tensile stress
can be achieved for a concrete mix containing GGBFS and fly ash replacement. The estimation of the
maximum tensile stress can enable engineers to take preventative actions to minimize the risk of thermal
cracking.
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Chapter 1 Introduction

1.1 Background/Overview
Cement’s chemical reaction with water is an exothermal reaction that releases a large
amount of heat. The generated heat is often called the heat of hydration which depends on the
chemical composition and cement quantity. In large concrete structures, due to concrete’s low
thermal conductivity, the interior temperature rise can approach the adiabatic temperature. The
high temperatures can lead to delayed ettringite formation (DEF) and reduce the concrete’s
strength and durability. Furthermore, the concrete’s surface losses heat to the environment and
cools rapidly. This phenomenon causes thermal gradients inside the structure. As the interior of
the concrete attempts to expand, the exterior provides an internal restraint and causes tensile
thermal stresses at the surface. If the thermal stresses exceed the concrete’s tensile strength it has
a high probability of cracking. These cracks usually appear during the first 48-hours after
construction while the concrete’s tensile strength is low. The early-age cracks can reduce the
service life of the structure by allowing the entry of detrimental chemicals such as deicer
chemicals and chloride salts that corrode the concrete’s steel reinforcement. Structures that are at
risk of experiencing thermal cracks are usually termed as “mass concrete”.
The American Concrete Institute (ACI) defines mass concrete as “any volume of concrete
with dimensions large enough to require that measures be taken to cope with the generation of
heat from the hydration of cement and attendant volume change to minimize cracking.” The
vague definition leads to non-uniform specifications within the United States’ Department of
Transportation (DOT) agencies regarding the minimum dimension of a mass concrete structure.
The minimum dimension can range from 2-ft (North Carolina DOT) up to 7-ft (Florida DOT).
The risk of early-age cracking can be alleviated by lessening the temperature gradients
inside the concrete structure. This can be accomplished by reducing the cement amount in the
mix design, reducing the placement temperature, adding supplementary cementitious material, or
using insulation blankets. In this study, two thermally friendly mix designs (Class M mix
designs) containing cementitious supplementary material, ground granulated blast furnace slag
1

(GGBFS), and Class F fly ash (FA), were investigated, and a methodology was developed to
model their thermal and mechanical properties. Furthermore, the cracking probability of three
different concrete pier stem geometries was estimated and their maximum-minimum dimensions
before being considered as mass concrete were tabulated. Additionally, best management
practices were developed to help field engineers/contractors reduce the risk of early-age thermal
cracking.
1.2 Project Scope & Objectives

The scope of this dissertation is to develop a methodology to estimate the temperature
and stress profile of mass concrete structures containing ground granulated blast furnace slag and
fly ash. Afterward, a “mass definition table” will be proposed for different pier stem geometries
based on a finite-element thermal and stress analysis which incorporates the studied mix designs’
material development. The mix designs, Table 1-1, will be compared to a mix design containing
only ordinary Portland cement. Best management practices will be developed to help
engineers/contractors reduce the risk of thermal cracks. The best management practice will
include items typically included in thermal control plans such as placement temperature and
insulation requirements. These objectives were completed using the following steps:
•

A literature review of mass concrete specifications in the United States and recent
research regarding mass concrete.

•

A brief overview of the effects of supplementary cementitious material on the properties
of concrete which include the heat generation, activation energy, compressive and tensile
strength, Young’s modulus, and early-age creep.

•

Develop a methodology to realistically incorporate the early-age heat generation and
viscoelastic behavior of concrete containing GGBFS and fly ash in a finite-element
model.

•

Investigate the material properties of two thermally friendly mix designs and develop
models to describe their development.

•

Incorporate the materials model in a commercial finite-element program (ABAQUS) with
user-defined properties.
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•

Verify the finite-element model by casting 4-ft cubes embedded with thermal loggers and
vibrating-wire strain gages.

•

Develop “mass definition” tables for three different pier stem cross-section geometries
(circular, square, and rectangular).

•

Investigate the feasibility of the thermal friendly mix design in the state of West Virginia
and provide relevant recommendations.

•

Investigate the sensitivity of the thermal and stress analysis to the concrete’s material
properties.

•

Develop

best

management practices that

are implementable/useful

for field

engineers/contractors based on the finite-element models.
•

A summary of the finding of this study and recommendations for future researchers.
Table 1-1: Five mix designs, lb/yd3
Material
Cement
Fly Ash
Slag
Water
Limestone Agg
Fine Agg
w/cm

Mix 1 Mix 2 Mix 3
254
254
340
168
254
254
213
233.5
213
1795 1795 1780
1364 1364 1360
0.42
0.46
0.42

Mix 4 Mix 5
340
565
168
233.5
277
1780 1633
1360 1423
0.46
0.49

1.3 Dissertation Organization

A brief overview of the organization of the dissertation is as follows:
•

Chapter 2: This chapter provides an in-depth literature review regarding early-age
properties of concrete, and the effect of supplementary cementitious material.

•

Chapter 3: This chapter presents the results of a feasibility study conducted in the state of
West Virginia regarding the producibility and consistency of mix designs containing
ground granulated blast furnace slag and Class F fly ash.

•

Chapter 4: This chapter presents a detailed overview of the finite-element methodology
used in the thermal and stress analysis. It includes a description of the user-subroutines
used in ABAQUS.
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•

Chapter 5: This chapter presents the study’s experimental program conducted and the
measured material properties of the mix designs.

•

Chapter 6: This chapter presents the results of the 4-ft cube casting and its comparison
with the finite-element model. This includes a comparison with the temperature loggers
and vibrating wire strain gages with finite-element analyses.

•

Chapter 7: This chapter presents the development of “mass definition” tables for three
different pier stem cross-sectional geometries using the experimental material properties
described in Chapter 5.

•

Chapter 8: This chapter presents best management practices developed based on the
finite-element models developed in this study. These practices will include placement
temperature, casting times, and insulation requirements.

•

Chapter 9: This chapter presents a sensitivity analysis of the material properties and other
factors of the thermal and stress analysis. Material properties that should be measured
will be recommended.

•

Chapter 10: This chapter discusses the study’s findings and provides recommendations
for future research.

1.4 Research Significance
The study’s primary objective was to develop a methodology to accurately estimate the
early-age stresses in a mass concrete structure containing supplemental cementitious materials.
The addition of a second term in the degree of hydration model increases the accuracy of the
temperature analysis for concrete containing a supplementary cementitious material because its
heat generation can be modeled more accurately. A more accurate analytical heat generation
model leads to more accurate early-age and later-age temperature predictions. Degree of
hydration-dependent thermal properties allows for a realistic finite-element simulation.
Furthermore, the addition of a time-dependent convection coefficient and solar heat flux allows
for a better prediction of the concrete surface temperature. Since the temperature analysis is more
accurate, the final estimation of the tensile stresses is more accurate. This was accomplished by
using a more realistic viscoelastic analysis in the finite-element software (ABAQUS). The
methodology incorporates empirical degree of hydration models to capture the behavior of
4

maturing concrete stiffness. The thermal and material properties of five different mix designs
were experimentally measured to construct the empirical models. The tensile creep behavior for
concrete with either GGBFS or fly ash was measured at an early-age and used to build the
viscoelastic behavior of concrete. Although intended for mass concrete structures, the
viscoelastic analysis can be extended to other areas such as shrinkage stress analysis, long-term
deformation analysis, and other situations where creep is of concern. Practical construction
practices were also proposed. The models and guidelines developed in this study will enable
engineers to take preventative actions to reduce early-age tensile cracking and the methodology
can be adopted to analyze the early-age stresses of concrete structure undergoing early-age
thermal and shrinkage deformations.
The following original contributions were made during the study:
•

Developed a methodology to accurately estimate the cracking probability of mass
concrete containing either ground granulated blast furnace slag (GGBFS) or fly ash.

•

Modified existing degree of hydration models to better capture the hydration of
cementitious materials with GGBFS and fly ash.

•

Derived a formulation for the thermal loading based on the newly developed degree of
hydration model.

•

Considered concrete’s creep by incorporating a realistic viscoelastic stress analysis using
the creep strain increment.

•

Studied the effect of GGBFS and fly ash on the thermal and mechanical properties of
concrete.

•

Measured the early-age tensile creep of concrete containing supplemental cementitious
material.

•

Studied the effect of the water-cementitious ratio on the heat of hydration and activation
energy.

•

Constructed “mass definition” tables for three different pier stem geometries.

•

Developed best management practices that lessen the probability of early-age thermal
cracking.
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Chapter 2 Literature Review
2.1 Introduction
Cement’s chemical reaction with water is an exothermal reaction that releases a large
amount of heat. The generated heat is often called the heat of hydration and depends on the
chemical composition and quantity of the cement. The risk of early-age cracking can be
alleviated by lessening the temperature gradients inside the concrete structure. This can be
accomplished by reducing the cement quantity in the mix design, reducing the placement
temperature, adding supplementary cementitious material, or using insulation blankets. This
chapter presents literature regarding the hydration of cement, the effects of cementitious material
on concrete’s properties, and current mass concrete literature.
2.2 Hydration of Cement
Portland cement can be divided into four major minerals: alite (C3 S: tricalcium silicate),
belite (C2 S: dicalcium silicate), aluminate (C3 A: tricalcium aluminate) and ferrite (C4 AF:
tetracalcium aluminoferrite). Alite and belite are mainly calcium silicates and are around 85% of
the clinker. The portion of each mineral in the cement clinker varies in different types of
Portland cement. The main oxides of Portland cement are CaO (calcium oxide), SiO2 (silicon
dioxide), Al2 O3 (aluminum oxide), Fe2 O3 (iron oxide), SO3 (sulfur trioxide). Mass percentages
of the four-major minerals can be estimated using Bogue’s method with the oxides’ proportions
or more precisely with X-ray diffraction analysis. In the reaction of Portland cement with water,
hydration products are created, which gradually produce a hard and porous structure (C-S-Hcalcium silicate hydrate). The water necessary to complete the hydration of the cement paste is
about 42% of the cement’s total mass [1]. The following equations are generally accepted for
Portland cement hydration [2].
2𝐶3 𝑆 + 10.6𝐻 → 𝐶3.4 𝑆2 𝐻8 + 2.6𝐶𝐻
2𝐶2 𝑆 + 8.6𝐻 → 𝐶3.4 𝑆2 𝐻8 + 0.6𝐶𝐻
𝐶3 𝐴 + 3𝐶𝑆̅𝐻2 + 26𝐻 → 𝐶6 𝐴𝑆3̅ 𝐻32
2𝐶3 𝐴 + 𝐶6 𝐴𝑆3̅ 𝐻32 + 4𝐻 → 3𝐶4 𝐴𝑆̅𝐻12
𝐶3 𝐴 + 𝐶𝐻 + 12𝐻 → 𝐶4 𝐴𝐻13
𝐶4 𝐴𝐹 + 2𝐶𝐻 + 10𝐻 → 2𝐶3 (𝐴, 𝐹)𝐻6
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Equation 2-1

where, 𝐻 and 𝐶𝐻 represent 𝐻2 𝑂 and 𝐶𝑎(𝑂𝐻)2 in the reactions.
The hydration and interactions among cement minerals can be divided into three stages.
In the first stage of hydration, the initial ettringite (𝐶6 𝐴𝑆3̅ 𝐻32 and 𝐶6 (𝐴𝐹)𝑆3̅ 𝐻32 ) formation
generates the first heat peak. The ettringite formation stops when there is no more SO4 2− in the
liquid phase because gypsum (𝐶𝑆̅𝐻2 ) has been consumed totally. The dormant period begins
immediately after the consumption of gypsum and has extremely low heat generation. In the
second stage, the peak of hydration happens, the active hydration of alite begins and the
ettringite produced in the previous step gets replaced by monosulphates (𝐶4 𝐴𝑆̅𝐻12 and
𝐶4 (𝐴𝐹)𝑆̅𝐻12 ). In the third stage, the heat production process decays. The three stages of
hydration are shown in Figure 2-1. At any stage of hydration, the hardened paste is made of
weak crystallized hydrate of different minerals (C-S-H gel), crystals of 𝐶𝑎(𝑂𝐻)2 (CH), unhydrated cement, pore, and pore water. The hydration procedure consumes all the water until a
small amount of water is left to saturate the solid surfaces, and the relative humidity within the
paste decreases (self-desiccation). The total heat of hydration is directly related to the heat
produced by each cement mineral and therefore directly related to the Portland cement’s
chemical composition.

Figure 2-1: General exothermic stages during the hydration of Portland cement
2.3 Measurement of the Heat of Hydration
Several test methods are available to determine concrete’s heat of hydration. Isothermal,
semi-adiabatic, and adiabatic calorimetry are the standard test methods used by many researchers
[3–12]. De Shutter et al. [3] measured the evolution of concrete’s heat of hydration using
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isothermal calorimetry with curing temperatures of 41, 68, and 95 °F and adiabatic calorimetry.
Broda et al. [4] designed an isothermal calorimeter to measure the heat of hydration of
cylindrical samples in different curing temperatures (50, 68, 86, and 104 °F). Gibbon et al. [11]
designed a low-cost adiabatic calorimeter that was controlled using a computer system. Lin and
Chen [12] developed an adiabatic calorimetry modifying Gibbon et al.’s design to control the
curing water’s temperature to match the concrete’s temperature. Instead of reaching the exact
adiabatic condition, semi-adiabatic calorimeters may provide a more practical way to measure
the heat of hydration because it requires a less complicated controlling unit [13–20].
For a semi-adiabatic calorimeter, the heat loss due to the ambient conditions needs to be
estimated and added back to calculate the adiabatic temperature rise. RILEM TC 119-TCE [20]
introduced a semi adiabatic calorimeter made of an insulated vessel filled with foam rubber and
an external shell. Based on this document, the calorimeter’s coefficient of heat loss should not
exceed 100 J/hr/K in a fixed ambient temperature of 68 °F. Zhang et al. [13] used a cylindrical
container to evaluate the effect of the water-cement ratio, superplasticizer, and mineral
admixtures on the hydration heat. Schindler et al. [14] used an insulated steel drum with a
cylindrical concrete specimen to quantify the hydration development of different concrete mixes
containing various amounts of slag and fly ash. Eddhahak et al. [18] used a Langavant type semiadiabatic test to measure the heat generated by fresh PCM-mortars specimens. Klemczak et al.
[19] used isothermal and semi-adiabatic calorimetry to test several mixes with cement,
limestone, slag, and siliceous fly ash. Ng et al. [16,17] compared a 10-inch cubic adiabatic
calorimeter with two 20-inch and 3-ft cube as semi-adiabatic curing test setups. Heat loss
characteristic coefficients were calculated using four temperature measurements in the cubes to
calculate the ATR. Riding et al. [15] used semi-adiabatic calorimetry devices at several
construction sites under controlled ambient temperature.
Besides laboratory measurement of the heat of hydration, on-site concrete temperature
measurements have been conducted [12,21–23]. Tia et al. [21] used a 3-ft cube to measure the
temperature of delivered concrete. Do [22] monitored the temperature development of three
different bridge pier footings cast in Florida. Lin and Chen [12] monitored two 4-ft concrete
cubes with steel formwork and embedded temperature sensors to validate their hydration model
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in a finite element model. Yikici and Chen [23] used four 6-ft concrete cubes in various locations
throughout West Virginia with concrete containing slag, and Class F fly ash.
2.4 Effect of Water-Cementitious ratio on Concrete Properties
The water amount in a concrete mix is an important factor in ensuring that the concrete
has a good quality and performance. In the past, before the use of water-reducing admixtures,
extra water was added to increase the concrete’s workability. However, adding extra water can
change the concrete’s strength, modulus of elasticity, heat of hydration, and adiabatic
temperature rise behavior. Neville [24] stated that for regular concrete when the water-cement
(w/c) ratio increased from 0.4 to 0.5 the 1-day compressive strength is reduced by about 38%,
and the strength reduction at 1 year is about 17%. Soutsos et al. [25] tested several concrete
mixes with a variable water-binder (w/b) ratios for the ages of 7 and 28-days. Three sets of
ordinary Portland cement (OPC), 50% replacement of ground granulated blast furnace slag, and
30% replacement of pulverized fuel ash (PFA) concretes were tested and a reduction of the
compressive strength due to a higher w/b ratio was observed. Haecker et al. [26] investigation on
two types of Portland cement (H cement and D cement) showed that for a w/c ratio increase, the
degree of hydration increases, and the elastic properties dramatically decreases. Brooks [27]
stated that the w/c ratio affects concrete’s creep in two ways: the volume of cement paste and the
strength or maturity change. For a constant volume of aggregate or cement paste, creep increases
as the w/c ratio increases.

2.5 Influence of Supplementary Material on the Properties of Concrete
2.5.1 Ground-granulated blast furnace slag
Blast furnace slag is produced when iron ore is reduced at about 2,500 to 2,800 °F in a
blast furnace. The main product of a blast furnace is molten iron. The other components turn into
a liquid slag and flow to the bottom of the furnace. The liquid slag has a lower density than the
molten iron and forms a liquid slag layer. After being cooled, the solid slag is collected for
further use [28].
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There are three cooling methods, and each method forms a different type of blast furnace
slag. Pelletized slag is produced by partially cooling the slag with water, and then flinging it into
the air. The pellets contain glass content as low as 50%. Part of the pelletized slag is used as a
concrete aggregate and as a raw material in the production of Portland cement. Air-cooled slag is
formed by allowing the slag to solidify slowly, and it is sometimes followed by accelerated
cooling with a water spray. The air-cooled slag is hard and dense. It is normally used for road
bases, railway ballast, asphalt paving, and concrete aggregate. Granulated slag is produced by
quenching the liquid slag with a large amount of water to produce sand-like granulates. Later,
they are grounded to fine powder, called ground granulated blast furnace slag. Among the three
different types of slag, GGBFS can be used as cementitious material when mixed with Portland
cement.
Ground granulated blast-furnace slag is an off-white powder [29]. Concrete containing
GGBFS appears brighter in color due to its fineness. A smoother surface can often be achieved
by concrete containing GGBFS due to its finer particle size. GGBFS has a bulk density of 75lb/ft3, a specific gravity of 2.8, and a specific surface of 2075 to 2295-ft2/lb. [29]. The chemical
compositions of GGBFS can vary depending on the production process. The composition of the
raw materials in the iron production process is a key factor. The GGBFS needs to be rapidly
cooled or quenched below 800 °F to prevent crystallization and obtain adequate cementitious
properties. To obtain a suitable reactivity, the obtained fragments are grounded to be the same or
finer than Portland cement [30]. The chemical composition of the slag depends on the
composition of the iron ores, flux stones, and fuels. The GGBFS made for cementitious material
must be produced using uniform raw materials with consistent quality. The chemical
composition of GGBFS from a given source should only vary within narrow limits. In most
cases, 95% of GGBFS is made up of four major oxides: lime, magnesia, silica, and alumina.
Minor elements include sulfur, iron, manganese, alkalis, and trace amounts of several others
(Lewis, 1982). In GGBFS blended concrete, the calcium hydroxide (CH) produced by the
reaction of Portland cement with water (shown in Equation 2-1) serves as a catalyst to activate
the GGBFS and water chemical reaction and produce some type of C-S-H gel. Richardson et al.
[31] proposed an overall stoichiometry reaction for the hydration of GGBFS with CH and water,
shown in Equation 2-2. The reaction of slag and CH is much slower than the Portland cement
and water reaction. Therefore, a GGBFS blended concrete mix often results in low early age
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strength but an increase in later age strength. Lothenbach et al. [32] thermodynamic calculations
indicated the presence of Portlandite (CH), C-S-H with a lower C/S ratio, ettringite, AFm
(monosulfate and monocarbonate), and a hydrotalcite-like phase in slag blended pastes up to
90% replacements.
𝐶7.88 𝑆7.39 𝑀3 𝐴 + 2.6𝐶𝐻 + 𝑏𝐻 → 7.39𝐶1.42 𝑆𝐻𝑚 𝐴0.046 + 0.66𝑀4.6 𝐴𝐻𝑑

Equation 2-2

GGBFS in the cement paste decreases the hydration rate. The reduction is reflected in the
heat generation and strength development rate. Nasir et al. (2014) studied the effect of GGBFS
on the hydration heat using calorimetry testing. It was noted that the GGBFS decreases the heat
rate and adds a second peak. Robbins and Edward [33] also demonstrated the same effect in
terms of cumulated heat generation. Many other researchers have reported similar behavior.
Besides reducing the temperature differentials, it is well known that the replacement of cement
with GGBFS improves the durability and long-term strength of concrete [34–41]. Hydration
models for a blended binder can be found in the literature [37–39,42–46], however, they are
usually too complicated to use in a finite-element analysis. A simpler approach is to measure the
heat of hydration and use analytical models to simulate the heat release [35]. Saeed et al.
replaced 70% of the Portland cement with GGBFS and found that it lowered the temperature
gradients in a mock mass concrete block [34]. Lawrence et al. replaced 50% of the Portland
cement and found that the thermal gradients were significantly reduced with the addition of
GGBFS in the concrete mix [3]. Tia et al. investigated a concrete mix containing 50% GGBFS
and concluded it reduced the temperature gradients but not the risk of thermal cracking because
of its low early-age strength [20].
Hogan and Mesusel [47] found that the compressive strength development for concrete
containing 40% - 60% GGBFS is slow for the first 3-days. Similar results were obtained by Roy
and Idorn [48] for concrete with 20% - 60% of GGBFS and Babu and Kumar [49] for concrete
with 10% - 80% of GGBFS.

However, later-age concretes are denser and have higher

compressive strengths than ordinary Portland cement (OPC) concrete [50]. Daube and Bakker
[51] indicate that GGBFS modifies the products and pore structures in a hardened cementitious
material. Luo et al. [52] studied the pore structures of 70% GGBFS concrete mixtures using a
water-cementitious ratio of 0.34 and reported that the hardened concrete had a better pore
structure, especially after 60-days of curing. Furthermore, the extra CSH formed because of the
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presence of GGBFS improves the later age strength. Varies researchers have reported a higher
compressive strength for hardened GGBFS concrete than OPC concrete [47,53–55]. The
implementation of GGBFS in concrete has a significant impact on the basic creep behaviors of
concrete. Some report that GGBFS increases the early-age creep [56–59] while others report the
opposite [60–62]. Researchers have performed basic creep test on concrete containing GGBFS
[24,27,63]. Neville et al. [24] show that hardened concrete containing GGBFS had less creep
deformation than OPC concrete. Brooks et al. [27] and Ghodousi et al. [63] showed the same
findings for harden concrete. But in early ages, GGBFS concrete has higher creep deformation.
This phenomenon is due to the slower reaction rate for GGBFS concrete. At later ages, GGBFS
concrete has a better pore structure which causes less later age creep.

2.5.2 Fly Ash
Fly ash is a byproduct of burning pulverized coal in electric power plants. Typically fly
ash powder is a grey color. Fly ash particles are finer than Portland cement and GGBFS, and
typically ranging between 1 and 100-μm. The fly ash particles are solid or hollow spherical
grains with a Blaine surface of about 1952 ft2/lb. and average particle density of 150 lb./ft3.
According to ASTM C618 [64], fly ash can be sub-divided into two main categories of lowcalcium (Class F) and high-calcium (Class C). Class F fly ash has higher percentages of silica
(SiO2 ) and alumina (Al2 O3 ) and the reaction of fly ash in concrete is mainly with these minerals.
For Class F fly ash, two stoichiometric reactions of silica and alumina were consider by Ma [65],
shown in Equation 2-3. Lothenbach et al. [32] thermodynamic calculations, up to 50% fly ash
replacements indicated a decrease of ettringite and an increase of Afm content. Lothenbach et al.
also stated that above 40% Class F fly ash replacement, monocarbonate, and ettringire become
unstable and stratlingite may form. In addition, above 60% replacement of Portland cement by
Class F fly ash, complete depletion of CH has been observed for curing of 1 year and longer.
𝑆 + 1.1𝐶𝐻 + 2.8𝐻 → 𝐶1.1 𝑆𝐶3.9

Equation 2-3

𝐴 + 3𝐶𝐻 + 6𝐻 → 𝐶3 𝐴𝐻6

Many complicated hydration models were proposed to model the behavior of Class F fly
ash in cementitious systems [32,65–71]. Besides the complicated hydration models, direct
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measurement of heat of hydration were used to estimate the degree of hydration of fly ash
blended concrete [14,15,72]. The addition of Class F fly ash in concrete can have many benefits
such as reduction of heat production, reduced water demand, improved workability, and longterm properties [24]. Pane and Hansen [73] concluded fly ash replacement causes a delay and a
reduction in the heat of hydration. Soutos et al. [25] monitored in-situ temperature histories of
blocks, walls, and slabs during winter and summer and reported a great reduction of the peak
temperature for mass concrete mixes with a high percentage of supplementary cementitious
materials such as pulverized fuel ash.
Elsageer [74] conducted experiments on blended concrete with replacement by Class F
fly ash up to 45% and concluded that the early age strength in 70 ˚F curing specimens had
slightly lower compressive strength as the levels of replacement increases. However, the 64-days
strength was higher as the cement replacement increased. Siddique [75] tested mixes of 10-50%
of Class F fly ash replacement with sand in blended concrete mixes and reported significant
improvements in compressive strength, splitting tensile strength, elastic modulus, and flexural
strength. Papadakis [66] found higher compressive strength for blended concretes with 10-30%
Class F fly ash after 14-days. Lam et al. [67] replaced Portland cement with Class F fly ash up to
55% by weight and reported that the fly ash degree of reaction decreases as the fly ash
replacement in blended mix increases. Similarly, Ma [65] tested blended fly ash mixes with 1050% Portland cement replacements and stated that the fly ash’s degree of reaction decreases as
the mass percentage of fly ash increases; however, the Portland cement has a higher reaction rate
in the mixes with higher replacements of Class F fly ash. The observation of higher reactivity of
Portland cement in cement fly ash blend mix was also confirmed by Narmluk and Nawa [69].
Hanehara et al. [76] tested Class F fly ash blended pastes up to 60% Portland cement
replacement and reported the fly ash degree of reaction increment due to the water/powder ratio
increment and curing temperature. Huang et al. [77] tested 20-80% Class F fly ash replacement
with Portland cement blended mixes and showed a significant improvement of both compressive
and flexural strength of concrete after 91 and 365-days of curing. In addition, the reduction of
relative creep (relative creep is the ratio of creep at a constant stress/strength ratio of admixture
concrete to that of admixture-free concrete) due to the increment of fly ash replacement was
investigated by many researchers.
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2.6 Conclusion
In this chapter, the chemical reaction of Portland cement and water was reviewed as well
as the chemical reactions of GGBFS and Class F fly ash in cementitious systems. In addition, the
effects of the water cementitious ratio, GGBFS, and Class F fly ash on the thermal and
mechanical properties of concrete were reviewed. It was concluded that a high-water cement
ratio decreases the strength of the concrete, and the early age heat of hydration does not change
significantly above a water cementitious ratio of 0.4. The higher water cementitious ratio also
increases the creep of concrete. The cement replacement using either GGBFS or Class F fly ash
in concrete mixes reduce the heat production, early-age strength, and later-age viscoelastic
properties although it increases the strength of the concrete at later ages.

14

Chapter 3 Feasibility Study of Class M Concrete Produced in West Virginia

3.1 Introduction

Local concrete suppliers within West Virginia were selected to produce and deliver 12yd3 to 15-yd3 of Class M concrete. The concrete mix was to be cast at a job site. Three districts
were selected by the WVDOT where suppliers delivered their Class M mix to test the concrete’s
workability and uniformity. On-site testing was conducted to determine its in-situ properties and
the concrete’s temperature and strength development were monitored. The primary purpose of
the tests was to see if the local concrete producers could produce a consistent Class M mix.
Each concrete supplier developed their Class M concrete following the design
qualifications for Class M concrete. The design qualifications specify the total cementitious
quantity, supplemental replacement by weight, air content, and strength development. Each Class
M mix had to meet the following requirements: contain 50% Grade 100 GGBFS or 30% Class F
fly ash, 0.42 w/cm ratio, 6% ± 1% entrained air, 5.5 ± 1.0-in slump, and the 28-day strength
compressive strength had to satisfy Class B strength requirements of 4,300-psi including
“overdesign” with a maximum cementitious content of 508-𝑙𝑏/𝑦𝑑 3. Additionally, all coarse
aggregate used in the Class M mix had to be limestone. For a supplier to qualify for the on-site
testing all relevant data had to be submitted and reviewed before approval.
The slump, air content, and initial temperature of each truck were measured on-site. A
total of eighteen 6-in x 12-in cylinders were prepared for each delivered truck to be tested at 1, 3,
7, 14, 28, and 56-days. A 3-ft cube with multiple layers of insulation was instrumented with
temperature sensors to monitor the heat generation of each mix design. The measured
temperature from the 3-ft cube was used to back-calculate the adiabatic temperature rise of the
concrete. Additionally, to monitor the water-cementitious ratio, a revised method based on the
AASHTO T318-15 guideline was performed on-site.
Besides on-site tests, testing took place at the WVU lab using aggregate, cementitious
material, and admixtures collected from each district. The material was collected during the day
of the casting and transported to WVU. An in-lab casting was conducted to measure the adiabatic
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temperature rise, and compressive and tensile strength. The compressive strength served as the
baseline for the mix since the water-cementitious ratio was strictly controlled during the in-lab
casting. Isothermal calorimetry was used to test the heat generation of each mix. Cementitious
material collected during the district casting was sent to the Material Control, Soils, and Testing
Division (MCS&T) in Charleston, WV for chemical composition testing.

3.2 Pre-Casting

Before being approved for the onsite testing, each concrete supplier had to submit their
mix design following the Class M Concrete Material Qualifications, Appendix A. It had to
include the following items: mix proportions, chemical admixture dosages, cementitious
chemical composition (i.e., mill test reports), and compressive strength. The concrete suppliers
submitted the compressive strength of two batches, for approval a compressive strength at 28days of 4,300-psi had to be achieved. The compressive strength of each batch was tested on 1, 3,
7, 14, and 28-days and if necessary 56-days.
The department of highways personnel constructed a 3-ft cube with enough insulation to
minimize heat loss. The wooden panels were selected to be 3/4-in thick plywood with an
additional 2-in of insulation foam added to the exterior surface. The 3-ft wooden formwork was
designed to lose very little heat and behave like a semi-adiabatic calorimeter to capture the onsite heat production of the delivered concrete. To proceed with the scheduling of the casting each
district had to provide a picture of the completed 3-ft cube to the WVU research team for
approval.
A pre-pour meeting was held the day before each casting to discuss topics such as
placement time and haul distance. The meeting included representatives from the concrete
supplier, WVU research team, WVDOT, and the district facility personnel. The castings took
place at the Raleigh County Headquarters at approximately 8:00 AM on September 20, 2016, the
Monongalia County Headquarters at 1:00 PM on September 27, 2016, and the Burlington
Headquarters at 1:00 PM on October 4, 2016. Temperature loggers were installed about an hour
before each casting time as shown in Figure 3-1 Seven temperature loggers were placed inside
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the 3-ft cube, additionally, one temperature logger was placed in a shaded area to measure the
ambient temperatures. The location of each logger was measured and recorded before activation.

(a)

(b)

(c)

Figure 3-1: Temperature logger locations: (a) D-10, (b) D-4 and (c) D-5

3.3 On-site Testing

On September 20, September 27, and October 4, 2016 the mix designs proposed by the
concrete suppliers from District 10, 4, and 5 were cast (mix designs shown in Table 3-1). The
slump, air, initial temperature, and w/cm ratio were tested onsite and compressive strength
specimens were made. Cement, GGBFS, and fly ash samples were given to the MCS&T for
chemical analysis. The slump, air content, and initial temperature were measured by the
department of highways personnel, Figure 3-2, and met the specification for the Class M mix
design. During each casting, the water-cementitious (w/cm) ratio of the concrete from each truck
was tested using the revised AASHTO T318-15 method, and the results are included in Table
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3-2. The water-cementitious ratio was measured on-site using a modified AASHTO T318-15
method. The tests consisted of measuring the water-loss of concrete samples heated in a
microwave oven. The water-loss of the sample was then correlated to the water amount in the
concrete batch. The large aggregates were sieved-out of the concretes samples to improve the
repeatability and accuracy of the microwave testing. Details of the procedure can be found in
Chen et al. [78].
Table 3-1: Class M mix designs
Material
Cement, lb/yd3
Fly Ash, lb/yd3
GGBFS, lb/yd3
Water, lb/yd3
Limestone Agg, lb/yd3
Fine Agg., lb/yd3
Air Entraining, oz/cwt
Retarder, oz/cwt
Water Reducer, oz/cwt
Super Plasticizer, oz/cwt

(a)

D-10
356
152
203
1780
1434
0.19
3.5
8
4.4

D-4
254
254
203
1780
1457
0.5
2
4
3.2

D-5
254
254
215
1795
1403
1.25
1.3
6
14

(b)
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(c)

Figure 3-2: On-site testing: (a) D-10 slump, (b) D-4 air content and (c) D-5 initial temperature
Table 3-2: On-site properties for District 4, 5 and 10
District
10
4
5

Truck
#

Slump,
in

1
2
1
2
1
2

6.50
6.75
7.75
5.20
5.00
6.75

Air
Content,
%
3.60
4.60
8.50
7.00
7.50
7.80

Initial
Temperature
(°F)
78
80
83
86
70
72

w/cm
ratio
(Design)
0.42
0.42
0.42
0.42
0.42
0.42

w/cm ratio
(measured
on-site)
0.496
0.496
0.427
0.416
0.493
0.473

A total of thirty-seven cylinders were made during each casting and the compressive
strengths were tested at 1, 3, 7, 14, 28, and 56-days. The specimens were cured on-site in coolers
for 24 hours, Figure 3-3, and then transported to each district’s material lab for further testing. A
comparison of the compressive strength from each district is shown in Figure 3-4, Figure 3-5,
and Figure 3-6. In general, the GGBFS mix designs (D-4 and D-5) were about 3,000-psi
stronger at 56-days than the fly ash mix (D-10), however, the 1-day strength for the fly ash mix
is higher. Since the on-site measured w/cm ratio for D-10 and D-5 were much higher than the
submitted mix design, it was not surprising to see lower compressive strength than those from
the submitted concrete mix qualification. However, even with the higher water-cementitious
ratio, both mixes exceed the required strength of 3,000-psi. Since both trucks from each district
had a similar strength and w/cm ratio, it can be concluded that it is possible for the concrete plant
to produce a consistent mix. In the case of District 4, the on-site w/cm ratio was lower than the
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qualification mix, therefore, it was seen that the compressive strength results from the on-site
cylinders were higher than those from the qualification.

Figure 3-3: 6-in x12-in specimens

Figure 3-4: Comparison of compressive strength: D-10

Figure 3-5: Comparison of compressive strength: D-4
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Figure 3-6: Comparison of compressive strength: D-5

After the mix satisfied the fresh concrete Class M requirements, the 3-ft cube was usually
cast with the concrete from Truck #1 except for District 5. Truck #2 was used in District 5
because the slump of Truck #1 at arrival was too high. The concrete in Truck #1 was allowed to
set for approximately two hours before re-testing. Figure 3-7 shows pictures taken during the
casting of the cubes in each district. After casting the 3-ft cube, a 2-inch insulation foam and thin
plastic sheet were added on the top surface for extra protection.

(a)

(b)
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(c)

Figure 3-7: Casting of 3-ft cube: (a) D-10, (b) D-4 and (c) D-5

The temperature data of each cube was collected about fourteen days after casting. The
temperature data for District 10 is shown in Figure 3-8. The foam insulation provided adequate
protection since the maximum temperature difference was approximately 3.6 °F during the first
seven days. After the formwork was removed, the side center temperature, as well as the center
temperature, have a significant drop. The difference between the ambient temperature and side
surface temperature is about 20 °F at the time of formwork removal and it causes a 5 °F drop in
the side center surface temperature, and a total drop of about 25 °F the first night after the
formwork removal. Since the center of the 3-ft cube lost very little heat due to the insulation, the
temperature increase is a good estimation of the adiabatic temperature rise. In this case, the
temperature rise at the center was approximately 49 °F.
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Figure 3-8: Temperature logger data for District 10
A similar trend can be seen in the temperature data from District 4, Figure 3-9. The cube
was well insulated. However, the temperature decay was faster than District 10. Since the
ambient temperature was slightly lower a faster decay can be expected. In this case, the
maximum temperature difference was about 5.4 °F. The temperature rise of the 3-ft cube was
approximately 49 °F. The difference between the ambient and side center temperature at the time
of formwork removal was 13 °F.

Figure 3-9: Temperature logger data for District 4
The temperature data for District 5 is shown in Figure 3-10. There was a 22-hour delay
in the heat generation caused by an overdosing of the admixtures, which causes the 1-day
strength to be only 120-psi. The temperature decay of the 3-ft cube is like the District 4 mix
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design. In this case, the maximum temperature difference between the center and the side was
about 3.6 °F. The temperature rise of the 3-ft cube was approximately 54 °F. The difference
between the ambient and the side center temperature at the time of formwork removal was 22 °F
and caused a large drop in the temperature of about 27 °F during the first night after formwork
removal.

Figure 3-10: Temperature logger data for District 5
After formwork removal, the 3-ft cubes were inspected for thermal cracking and defects.
At the time of inspection, spalling and some honeycombing caused from improper consolidation
were noticed near the 3-ft cube’s edges. Thermal cracking was not expected due to the lowtemperature differentials recorded by the temperature loggers. The low temperature differentials
were observed because of the supplementary cementitious material’s benefits and thermal
insulation protection. A typical picture of the 3-ft cube after formwork removal is shown in
Figure 3-11.
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Figure 3-11: Typical 3-ft cube (D-4)
3.4 Experiments
The chemical compositions of the cement, fly ash, and GGBFS collected from the field
castings were tested by the WVDOT chemical analysis laboratory, the results are shown in
Table 3-3, Table 3-4, and Table 3-5. The chemical compositions of the cement and fly ash are
similar to those used during the 4-ft cube casting with only a slight difference in Blaine fineness
values. However, the GGBFS varies greatly. The chemical compositions of the D-4 and D-5 slag
were tested by the MCS&T laboratory twice since the chemical composition summation was not
close to 100%. However, even though the second set was more reasonable, it indicates a variance
of the elemental percentiles.
Table 3-3: Chemical composition of cement
Minerals
Blaine Fineness, m2/kg
LOI, %
CaO, %
SiO2, %
Al2O3, %
Fe2O3, %
MgO, %
SO3, %
Na2O, %
K2O, %

Cement
(D-4)
416
2.93
63.41
19.91
5.17
3.48
2.55
3.25
0.08
0.84
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Cement
(D-5)
393
2.74
63.95
19.61
5.42
4.06
1.19
3.08
0.04
0.66

Cement
(D-10)
402
2.65
63.39
20.19
5.12
3.48
2.17
2.67
0.087
0.83

Table 3-4: Chemical composition of Fly ash
Minerals
Blaine Fineness, m2/kg
LOI, %
CaO, %
SiO2, %
Al2O3, %
Fe2O3, %
MgO, %
SO3, %
Na2O, %
K2O, %

Fly Ash
(D-10)
181
1.5
6.69
43.46
21.06
17.39
0.87
1.68
1.77
1.84

Table 3-5: Chemical composition of GGBFS
First Chemical Analysis

Second Chemical Analysis

Minerals
Blaine Fineness, m2/kg
LOI
CaO
SiO2
Al2O3
Fe2O3
MgO
SO3
Na2O
K2 O

Slag D-4
480
0.5
30.54
18.98
7.04
0.81
7.73
0.11
0.28
0.48

Slag D-5
446
0.68
33.33
19.49
6.99
0.32
5.7
0.03
0.24
0.37

Slag D-4
0.5
39.41
34.21
11.89
1.27
10.94
0.75
0.85
0.65

Slag D-5
0.86
43.29
35.41
11.81
0.41
7.53
0.33
0.65
0.49

Sum

66.47

67.15

100.47

100.78

After each casting, aggregate and cementitious material from each concrete supplier were
collected and transported back to WVU. At the WVU lab two batches of approximately 2.5-𝑓𝑡 3
were produced and a variety of tests were completed. The compressive and tensile strength,
adiabatic temperature rise, thermal conductivity, and elastic modulus were experimentally
measured. An in-lab casting with D-10’s fly ash mix design was completed on October 12,
2016. The mix was made with the admixtures and materials from District 10’s concrete supplier.
Using the revised method, the w/cm ratio was measured to be 0.39. A total of 5-ft3 were cast
which required two separate batches. The measured slump and air content were 5.0-in and 7.6%,
respectively. An in-lab casting took place on November 16, 2016, using the mix design and
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material from District 5. A water-cementitious of 0.47 was used to simulate the on-site concrete
delivered by the trucks. Due to the over-dosing of the admixture, testing was started 2-days after
the casting date. On April 5, 2017, an in-lab casting took place using the mix design and material
collected from District 4. The target w/cm ratio of 0.4 was used to simulate the field-delivered
concrete. The air percentage and the slump were measured to be 4% and 5.5-in.
3.4.1 Compressive and Tensile Strength Development

During each laboratory testing, compressive and tensile strength specimens were
prepared. The tensile strength was measured using a splitting-tensile strength setup. Due to the
limited material, 4-in x 8-in specimens were used for both the compressive and splitting tensile
tests. Previous experiments have shown that the 4-in x 8-in cylinders produce approximately
10% higher strength in both compression and tension. Specimens were water-cured in a 73 °F
water bath after un-molding which occurred 1-day after casting. Figure 3-12 compares the in-lab
batch, truck delivery and submitted mix design for D-10. Since the w/cm ratio was slightly lower
for the in-lab batch, a higher compressive strength was expected. It should also be noted that the
truck deliveries have lower compressive strength than the in-lab batch because the w/cm ratio
was higher. The in-lab batch reached a 1-day compressive strength of about 1,900-psi and a 28day strength of 5,000-psi.

Figure 3-12: Comparison of compressive strength for D-10
For the D-5 in-lab batch, two batches with different w/cm ratios were cast. The w/cm
ratios were 0.47 and 0.423. The early-age strength of the in-lab batch was low and could not be
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tested until 2-days because the specimens had not been set. The extended setting time was due to
the large amount of retarder and water-reducer. At 28-days the D-5 mix achieved a compressive
strength of about 7,000-psi (Figure 3-13). This is typical behavior of a mix design with groundgranulated blast furnace slag, low early-age strength with high ultimate strength. Compared to
the truck deliveries, the in-lab batch with a w/cm ratio of 0.47 matches more closely.
The compressive strength for the in-lab batch for D-4 is shown in Figure 3-14. Similar to
the D-5 mix design, the 1-day strength was lower than D-10. The D-4 mix design reached a 28day compressive strength of approximately 8,000-psi. The compressive strength of the in-lab
batch is comparable to the submitted mix design and the truck batches. The compressive strength
measured at 1, 3, 7, 14 and 28-days followed the same trend as Truck 1 and Truck 2 of the field
casting, Since the w/cm ratio was almost the same as the field casting, the difference might be
due to the lower amount of air percentage for the in-lab batch compared to the trucks which had
about 7% or 8% air content.
The splitting-tensile strength of the slag mix designs is shown in Figure 3-15. D-5 and D4 reached about 700-psi at 28-days. As stated previously, the 1-day strength of the in-lab batch
for D-5 could not be tested because the concrete had not been set. At 1-day and 2-day, the
splitting tensile strength were 174-psi and 168-psi for D-4 and D-5, respectively.

Figure 3-13: Comparison of compressive strength for D-5
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Figure 3-14: Comparison of compressive strength for D-4

Figure 3-15: Tensile strength of 50% GGBFS mix design (D-4 and D-5)
3.4.2 Elastic Modulus Development

Two 6-in x 12-in specimens were loaded up to 35% of the compressive strength to test
the static elastic modulus. The testing took place immediately after measuring the compressive
strength. The specimens were cured in the same water batch as the compressive strength
specimens. The static elastic modulus for all the mix designs is shown in Figure 3-16. Both D-4
and D-5 achieved a similar growth and elastic modulus at 28-days. However, it should be noted
that the w/cm ratio is not identical. D-10’s elastic modulus is higher than both of the in-lab slag
mixes. This is due to the lower-cementitious ratio and higher amount of cement in the mix
design.
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Figure 3-16: Static elastic modulus
3.4.3 Thermal Conductivity

During the district castings, a 6-in x 12-in cylinder with an embedded temperature logger
was made to measure the curing temperature of the compressive strength specimens.
Additionally, the cylinder served as the thermal conductivity concrete specimen. A 1/4-in hole
was drilled vertically from the top of the surface approximately 5-in deep. A thermal couple was
installed, and the hole was grouted and let to harden for 14-days. The specimens were then
placed in a hot-water bath until the center temperature reached 170 °F. Cold running water was
used to cool the specimen while the center temperature and water temperature were recorded.
The time it took for the temperature differential to go from 80 °F to 20 °F was used to calculate
the thermal conductivity. The decay of each mix design is shown in Figure 3-17. The decay of
the fly ash mix design is slightly faster than both GGBFS mix designs which is seen in the
calculated thermal conductivity values shown in Table 3-6.
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Figure 3-17: Experimental results from thermal conductivity testing

Table 3-6: Thermal conductivity of each District concrete mix
𝑩𝑻𝑼

District

Thermal Conductivity (𝒉𝒓∙𝒇𝒕∙℉)

D-10
D-5
D-4

1.28
1.19
1.17

3.4.4 Isothermal Calorimetry

The heat generation using the cementitious material collected from the field testing was
measured by the isothermal calorimetry and the results are shown in Figure 3-18 and Figure
3-19. The isothermal calorimetry, TAM Air microcalorimeter (8 channels), was used with a 73
°F constant curing temperature. A total of 20-gram cementitious materials was mixed with water
for each isothermal test. Water was used as the reference material in the calorimetry. The heat
generation curves for those two 50% GGBFS mixes were similar. However, it is clear that the
heat generation can vary depending on the mix design and source of GGBFS.
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(a)
(b)
Figure 3-18: Isothermal calorimetry results of GGBFS mix design (D-4 and D-5) (a) heat rate
(b) accumulated heat release

(a)

(b)

Figure 3-19: Isothermal calorimetry results of 30% fly ash mix design (D-10) (a) heat rate (b)
accumulated heat release
3.4.5 Adiabatic Temperature Rise

The heat generation was measured during the in-lab casting using an adiabatic
temperature rise (ATR) setup. A 6-in x 6-in concrete specimen was placed inside an insulated
container with a Type K thermal-couple embedded at the center. The normalized heat of
hydration, shown in Figure 3-18 and Figure 3-19, measured by the isothermal calorimetry was
divided by the density and the specific heat of concrete based on mix design proportions. The
densities were 146.7, 146.6, and 147.2 lb/ft3 based on the measured on-site w/cm ratios of D-4,
D-5, and D-10 delivered batch, respectively. Typically, the activation energy of a mix design is
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found by measuring the heat generation at three different temperatures however due to lack of
materials the activation energy was empirically calculated. The activation energies of D-4, D-5,
and D-10 mixes using Equation 3-1 developed by Poole [79] were 43,153 J/mol, 42,066 and
35,052 J/mol. In Equation 3-1, 𝑃𝐶3 𝐴 , 𝑃𝐶4 𝐴𝐹 , 𝑃𝑆𝑂3 , 𝑃𝑁𝑎2 𝑂𝑒𝑞 , 𝐵𝑙𝑎𝑖𝑛𝑒, 𝑃𝑐𝑒𝑚 , 𝑃𝐹𝐴 , 𝑃𝑆𝐿𝐴𝐺 , 𝑃𝑆𝐹 ,
𝑃𝐹𝐴−𝐶𝑎𝑂 , 𝑊𝑅𝑅𝐸𝑇 and 𝐴𝐶𝐶𝐿 are the mass proportions of 𝐶3 𝐴, 𝐶4 𝐴𝐹, 𝑆𝑂3 , (0.658 𝐾2 𝑂 + 𝑁𝑎2 𝑂)
in Portland cement, Blaine fineness (𝑚2 /𝑘𝑔), the mass proportion of Portland cement, fly ash,
slag and silica fume in total cementitious materials and mass proportion of CaO in fly ash, the
mass proportion of ASTM Type B&D water reducer/retarder and ASTM Type C calcium-nitratebased accelerator per gram of cementitious materials, respectively. In the calculation of
activation energies of D-5 and D-10 mixes, 𝑊𝑅𝑅𝐸𝑇 was assumed to be zero because the retarder
and water reducer were not compatible with ASTM Type B&D. A comparison between the
adiabatic and the calculated isothermal temperature rises in equivalent age are shown in Figure
3-20, Figure 3-21 and Figure 3-22.
𝐸𝑎 = 41,230 + 1,416,000 [(𝑃𝐶3𝐴 + 𝑃𝐶4𝐴𝐹 ) . 𝑃𝑐𝑒𝑚 . 𝑃𝑆𝑂3 . 𝑃𝑐𝑒𝑚 ] − 347,000 𝑃𝑁𝑎2𝑂𝑒𝑞
− 19.8 𝐵𝑙𝑎𝑖𝑛𝑒 + 29,600 𝑃𝐹𝐴 . 𝑃𝐹𝐴−𝐶𝑎𝑂 + 16,200 𝑃𝑆𝐿𝐴𝐺 − 51,600 𝑃𝑆𝐹
− 3,090,000 𝑊𝑅𝑅𝐸𝑇 − 345,000 𝐴𝐶𝐶𝐿

Figure 3-20: Comparison of D-10 ATR
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Equation 3-1

Figure 3-21: Comparison of D-4 ATR

Figure 3-22: Comparison of D-5 ATR
3.5 Conclusion
This chapter describes the outcome of the feasibility study to see if local concrete
suppliers could produce a consistent Class M mix. Each concrete supplier developed its own
Class M mix design following the Class M concrete material qualifications. The consistency of
the mix design was determined by performing on-site testing that included measuring the watercementitious ratio, slump, and air content for each delivered batch. Furthermore, compressive
strength specimens were cast from each batch and tested at 1, 3, 7, 14, and 28-days. Additionally,
a 3-ft cube was cast on-site to measure the heat generation of each Class M mix design. Material
from each district was collected and transported to WVU for further testing which included
isothermal testing of each cementitious component.
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It was found that all the delivered batches met the requirements for slump and air content,
however for two districts, D-10 and D-5, the delivered water-cementitious ratio was significantly
higher than expected. It was noted that the water-cementitious ratio between two batches
delivered by two concrete trucks during the same casting had very little deviation. The
compressive strength for those two districts also showed a reduction when compared to the
submitted compressive strength.
Based on the results obtained from the 3-ft cube and isothermal testing, it was clear that
the heat generation of the ground granulated blast furnace slag was not consistent. It was
concluded that although the water-cementitious ratio was high; the Class M concrete delivered
by the local supplier was consistent and within specifications for each district. However, the
higher water-cementitious ratio led to low early-age strength. Thus, the material properties of
Class M concrete with higher water-cementitious ratios were studied to account for the
uncertainties during an on-site casting. This led to the creation of Mix 2 and Mix 4.
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Chapter 4 Methodology
4.1 Introduction

Concrete’s thermal and mechanical properties development must be modeled correctly to
estimate the tensile stresses and its cracking probability. These properties include the heat
generation, activation energy, thermal conductivity, thermal expansion coefficient, creep or
relaxation, and strength. Riding et al. reviewed the PCA, Schmidt, and ACI 207.2R methods to
predict the temperature distribution in mass concrete structures [80]. They found that the PCA
and ACI 207.R methods provided poor predictions. More recently, finite-element and finitedifference have been used to predict the temperature development of mass concrete structures by
modeling the heat generation measured through adiabatic or isothermal conditions [34,81–94].
Finite-element is commonly used to predict the stresses caused by early-age deformation in mass
concrete (thermal and shrinkage) [34,82,83,87,94–96]. Although the finite-element analysis of
mass concrete has been studied extensively, researchers commonly simplify concrete’s early-age
mechanical behavior. These simplifications include using an overall element stiffness to consider
creep, assuming empirical equations to estimate concrete’s time-dependent material properties,
and in general, lack a clear description of the tensile creep behavior in their finite element
models. Amin et al. [83], Saeed et al. [34] and Tia et al. [96] completed a stress analysis of
concrete using assumed tensile strength, elastic modulus, and creep development. Do et al. [87]
and Lin and Chen [93] used an effective elastic modulus to consider creep in a static analysis of
mass concrete placements with ordinary Portland cement concrete. Saeed et al. [34]
incorporated the effect of ground granulated slag in the temperature analysis but did not consider
its influence on concrete’s early-age creep. Furthermore, Saeed et al. [34] and Tia et al. [96] lack
a clear description of the creep models used in their finite element analysis.

These

simplifications may provide a rough estimation of the early-age stresses, however a more
accurate finite-element analysis needs to be achieved. This study aims to develop a new
methodology to accurately estimate the stresses in mass concrete structures by using the
viscoelastic analysis and empirical equations based on experimental data. Empirical equations
using degree of hydration-dependent functions were developed for the compressive strength,
tensile strength, tensile creep, and elastic modulus. User subroutines were created for a concrete
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creep model and implemented in ABAQUS. In this chapter, the thermal and stress finite element
methodology are described in detail.
4.2 Thermal Analysis Methodology

The governing equation for a 3D heat transfer problem can be expressed as:
𝜕2𝑇
𝜕2𝑇
𝜕2𝑇
𝑞𝑉 𝜌𝑐𝑝 𝜕𝑇
(
)+(
)+(
)+
=
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝑘
𝑘 𝜕𝑡

Equation 4-1

where T is the temperature (Kelvin, K), x, y and z are the coordinates, t is time, k is the thermal
conductivity (

𝑊

𝑚𝐾

), cp is the specific heat (

𝐽

𝑘𝑔 𝐾

) and qv is the heat generation rate of the volume

(W/m3).
For concrete, the complexity of the problem is increased because the thermal
conductivity, specific heat, and heat generation rate depend on the concrete’s maturity.
Therefore, these properties must be expressed in terms of the degree of hydration. ABAQUS, a
commercially available finite element software, was used to solve for the concrete’s temperature
distribution using user-defined subroutines. In the user-defined subroutines, the thermal
conductivity, specific heat, and heat generation rate of the concrete were defined using degree of
hydration dependent functions.
The thermal energy released during the cementitious material’s hydration process with
water depends on many factors such as the chemical composition of the cementitious material,
mix proportions, and the concrete’s temperature-time history. The total cementitious content is
the combination of the Portland cement and supplementary material such as GGBFS and fly ash.
The heat generation is non-uniform and location dependent since the temperature varies within a
large concrete structure. The total heat, 𝐻(𝑡𝑒 ), can be described mathematically using the degree
of hydration, 𝛼(𝑡𝑒 ), in terms of the equivalent age as shown in Equation 4-2. The degree of
hydration, DOH, is defined as the fraction of cement that has already hydrated and can be related
to the heat release [81,97]. The equivalent age, 𝑡𝑒 , depends on the temperature-time history of
the concrete [98], 𝑇𝑐 (𝑡), and can be calculated using Equation 4-3. Then, the heat generation
rate at any given equivalent age, 𝑞𝑣 (𝑡𝑒 ), can be found by taking the equivalent time derivative of
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Equation 4-2. The heat generation rate in equivalent age can then be converted to the actual time
by multiplying by the time derivative of Equation 4-3. The heat generation rate in actual time,
𝑞𝑣 (𝑡), can then be expressed with Equation 4-4.
𝐻(𝑡𝑒 ) = 𝐻𝑢 𝑊𝑐𝑒𝑚 𝛼(𝑡𝑒 )
𝑡

𝐸𝑎

𝑡𝑒 = ∫ 𝑒 𝑅

(

1
1
−
)
𝑇𝑅𝑒𝑓 𝑇𝑐 (𝑡)

𝑑𝑡

Equation 4-2
Equation 4-3

0

𝑞𝑣 (𝑡) =

𝑑𝐻(𝑡𝑒 ) 𝑑𝑡𝑒
𝑑𝛼(𝑡𝑒 ) 𝐸𝑅𝑎∗ (𝑇 1 −𝑇 1(𝑡))
𝑅𝑒𝑓
𝑐
∗
= 𝐻𝑢 𝑊𝑐𝑒𝑚
𝑒
𝑑𝑡𝑒
𝑑𝑡
𝑑𝑡𝑒

Equation 4-4

where 𝐻𝑢 is the ultimate heat release (J/kg), 𝑊𝑐𝑒𝑚 is the total cementitious content (kg/m3), 𝐸𝑎 is
the activation energy of the binder (J/mol), 𝑇𝑅𝑒𝑓 is the reference temperature (296 𝐾) and 𝑅∗ is
𝐽

the gas constant (8.314 𝑚𝑜𝑙 𝐾).
Many researchers used one exponential term to mathematically describe the degree of
hydration of concrete with Portland cement and blended binders [35,79,81,90,99]; however, the
hydration of ground granulated blast furnace slag with Portland cement produces an extra peak in
the heat generation [99–102], and therefore, a two-term exponential degree of hydration
function, Equation 4-5, may be needed to accurately capture the hydration behavior of the
cement and slag binder. Similarly, fly ash influences the hydration of Portland cement and
generates heat at a later-age thus a two-term exponential degree of hydration function is
beneficial. For concrete mixes with only Portland cement, a one-term exponential degree of
hydration function is sufficient. The coefficients 𝛼𝑢1 and 𝛼𝑢2 are the magnitude of each term and
their sum is the ultimate degree of hydration of the entire cementitious binder, 𝛼𝑢1 + 𝛼𝑢2 = 𝛼𝑢𝑇 .
The parameters 𝜏1 , 𝛽1 , 𝜏2 and 𝛽2 control the shape of the degree of hydration and can be fitted
using experimentally measured heat from isothermal or adiabatic tests [103]. After taking the
equivalent time derivative of Equation 4-5, the heat generation rate, 𝑞𝑣 (𝑡), can be expressed as
Equation 4-6. The heat generation rate serves as the thermal loading in the concrete structure’s
thermal analysis. The non-uniform heat rate was included in ABAQUS through a user subroutine
called “DFLUX”. In the subroutine, the equivalent age of each element was calculated using the
temperature-time history. Then, Equation 4-6 was used to calculate the thermal loading for each
element and given to ABAQUS as a body heat flux at every time step.
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𝛼 (𝑡𝑒 ) = 𝛼𝑢1 𝑒
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Equation 4-5
Equation 4-6

The ultimate degree of hydration of the binder can be calculated using Equation 4-7
from Schindler and Folliard [35] which considers the influence of GGBFS, fly ash, and water to
cementitious ratio (𝑤/𝑐𝑚). The ultimate degree of hydration of Portland cement developed by
Mills [104] was modified using multivariable regression analysis to incorporate the presence of
supplementary cementitious materials in the mix.

∝𝑇𝑢 =

𝑤
1.031 (𝑐𝑚)
𝑤 + 0.50𝑝𝐹𝐴 + 0.30𝑝𝐺𝐺𝐵𝐹𝑆
0.194 + 𝑐𝑚

Equation 4-7

The ultimate heat of the binder, 𝐻𝑢 , can be found by adding the ultimate heat release of
the Portland cement and GGBFS. Bogue’s equation, Equation 4-8, uses the chemical
composition of the Portland cement to estimate its ultimate heat, 𝐻𝑐𝑒𝑚 . Later, Schindler and
Folliard proposed Equation 4-9 to calculate the ultimate heat for a binder containing GGBFS,
fly ash, and silica fume [35]. In their equation, the ultimate heat release of the GGBFS was
assumed to be 461 J/g and 550 J/g for Grade 100 GGBFS and Grade 120 GGBFS, respectively.
Maekawa et al. also used an ultimate heat release of 461 J/g for GGBFS [105]. Schindler and
Folliard also proposed that the contribution of fly ash is proportional to the percentage of CaO in
the fly ash [35].
𝐻𝑐𝑒𝑚 = 500𝑃𝐶3 𝑆 + 260𝑃𝐶2 𝑆 + 866𝑃𝐶3𝐴 + 420𝑃𝐶4𝐴𝐹 + 624𝑃𝑆𝑂3 + 1186𝑃𝑓𝑟𝑒𝑒𝐶𝑎𝑂
+ 850𝑃𝑀𝑔𝑂

Equation 4-8

𝐻𝑢 = 𝐻𝑐𝑒𝑚 𝑝𝑐𝑒𝑚 + 461𝑝𝐺𝐺𝐵𝐹𝑆−100 + 550𝑝𝐺𝐺𝐵𝐹𝑆−120 + 1800𝑝𝐹𝐴−𝐶𝑎𝑂 𝑝𝐹𝐴 + 330𝑝𝑆𝐹

Equation 4-9

where 𝑃𝐶3 𝑆 , 𝑃𝐶2 𝑆 , 𝑃𝐶3 𝐴 , 𝑃𝐶4 𝐴𝐹 , 𝑃𝑆𝑂3 , 𝑃𝑓𝑟𝑒𝑒𝐶𝑎𝑂 and 𝑃𝑀𝑔𝑂 are the mass proportions of cement
chemical compounds, 𝑆𝑂3 , free 𝐶𝑎𝑂 and 𝑀𝑔𝑂 in Portland cement, 𝑝𝑐𝑒𝑚 is the percentage of
cement, 𝑝𝐺𝐺𝐵𝐹𝑆−100 is the percentage of Grade 100 GGBFS, 𝑝𝐺𝐺𝐵𝐹𝑆−120 is the percentage of
Grade 120 GGBFS, 𝑝𝐹𝐴−𝐶𝑎𝑂 is the percentage of CaO in the fly ash and 𝑝𝑆𝐹 is the percentage of
silica fume.
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The thermal conductivity and specific heat adopted by Lin and Chen were used to model
the early-age concrete thermal properties [94]. Van Breugel [106] reported that the thermal
conductivity decreased by 33% throughout the hydration process and can be modeled using
Equation 4-11. Lin and Chen reported that the specific heat of concrete is dependent on the
concrete mix proportion, degree of hydration, and temperature [93]. Equation 4-10 was used to
model the specific heat. The specific heat for the cementitious material was calculated by taking
a weighted average between the Portland cement, GGBFS and fly ash. The specific heat of
𝐽

𝐽

𝐽

cement, GGBFS and fly ash are 740 𝑘𝑔 𝐾 , 640 𝑘𝑔 𝐾 and 720 𝑘𝑔 𝐾 [107], respectively. The specific
heat (𝐶𝑠 , 𝐶𝑎 , 𝐶𝑤 ) for the fine aggregate, larger aggregate, and water were assumed to be 710, 840
𝐽

and 4,184 (𝑘𝑔 𝐾 ), respectively. Like the “DFLUX’ subroutine, a user subroutine called
“USDFLD” was used to incorporate the degree of hydration dependent specific heat and thermal
conductivity.
𝐶𝑝 (𝑡) =

1
(𝑊 𝛼 ′ (𝑡)𝐶𝑐𝑒𝑓 + 𝑊𝑐𝑒𝑚 (1 − 𝛼 ′ (𝑡))𝐶𝑐𝑒𝑚 + 𝑊𝑠 𝐶𝑠 + 𝑊𝑎 𝐶𝑎 + 𝑊𝑤 𝐶𝑤 )
𝜌 𝑐𝑒𝑚
𝑘(𝑡) = 𝐾𝑢 (1.33 − 0.33𝛼 ′ (𝑡))

Equation 4-10

Equation 4-11

where 𝜌 is the concrete’s mass density, 𝑊𝑐𝑒𝑚 is the cementitious weight per unit volume of
concrete, 𝑊𝑠 is the fine aggregate weight per unit volume of concrete, 𝑊𝑎 is the coarse aggregate
weight per unit volume of concrete, 𝑊𝑤 is the water weight per unit volume of concrete, 𝐶𝑐𝑒𝑓 is a
fictitious specific heat of the hydrated cementitious material (𝐶𝑐𝑒𝑓 = 8.4𝑇𝑐 (𝑡) + 339), 𝛼 ′ (𝑡) is
the degree of reaction (𝛼 ′ (𝑡) = 𝛼/𝛼𝑢𝑇 ) and 𝐾𝑢 is the hardened concrete thermal conductivity at
28-days.

4.3 Stress Analysis Methodology

In mass concrete structures, the temperature profile causes stresses throughout the
concrete. The stress can be calculated using simplified methods that depend on the temperature
difference, thermal expansion coefficient, elastic modulus, and degree of restraint [83,99,108]. In
most cases, these simplified methods consider the concrete’s creep with a correction factor.
Early-age concrete exhibits pronounced viscoelastic behavior under stresses which lead to a
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stress reduction due to the creep deformation [56,109,110]. Without considering creep, the
stresses would be overly conservative and unrealistic. Due to the temperature differential, the
outer layer, which is susceptible to cracking, is under tension. Therefore, the tensile creep must
be considered accurately to estimate the stress level and cracking probability. Researcher have
considered creep by using an “effective” elastic modulus [87,94,99,111,112], 𝐸𝑒𝑓𝑓 , while others
have used more complicated approaches [34,83,113–115]. In this study, the creep strain
increment for each element was calculated in a user FORTRAN subroutine, called “CREEP”.
Then, the creep subroutine was linked with ABAQUS to complete a viscoelastic analysis using
the calculated creep strain increment. The following paragraphs describe the derivation of the
creep strain increment.

Figure 4-1: Graphical representation of creep compliance, 𝐽(𝑡, 𝑡 ′ )
As shown in Figure 4-1, the creep compliance, 𝐽(𝑡, 𝑡 ′ ), can be written in terms of the
stress and total strain as shown in Equation 4-12. Afterward, the total strain can be found by
adding the elastic and creep strain caused by the loading. Therefore, the only challenging part is
calculating the total strain for a time-varying stress history like Figure 4-2.
J(t, t′) =

ϵtotal (t)
σ(t ′ )
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Equation 4-12

Figure 4-2: Time-varying stress history
The principle of superposition can be used to calculate the total creep strain since the
strain produced by a stress increment applied at any time is not affected by any stress applied
either earlier or later [62,81,109,114,116]. A two-step stress increment will be used to show the
general concept of the superposition principle. First, the creep compliance can be used to
calculate the total strain for each stress increment. Then, the total strain can be expressed in
terms of the elastic and creep strain; the elastic strain for each stress increment can be calculated
by dividing the stress increment with the elastic modulus. The total creep strain can be calculated
using Equation 4-13. According to the ABAQUS documentation, the creep strain increment
during each time step must be defined in the user subroutine “CREEP”. The increment during a
time step can be found by subtracting the creep strain of the previous time step from the creep
strain of the current step, Equation 4-14.
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(a)

(b)

(c)

Figure 4-3: Stress and strain for a two-step stress increment: (a) Stress increment, (b) Strain due
to each stress increment, and (c) Total strain
𝜖𝑐𝑟𝑒𝑒𝑝 (𝑡) = 𝜖𝑡𝑜𝑡𝑎𝑙 (𝑡) − 𝜖𝑒𝑙𝑎𝑠𝑡𝑖𝑐 (𝑡)
′

′

= [𝛥𝜎 (𝑡0 ) 𝐽 (𝑡, 𝑡0′ ) −

𝛥𝜎 (𝑡0 )
𝐸 (𝑡)

1

′

= ∑ 𝛥𝜎 (𝑡𝑖 ) [𝐽(𝑡, 𝑡𝑖′ ) −
𝑖=0

′

′

] + [𝛥𝜎 (𝑡1 ) 𝐽 (𝑡, 𝑡1′ ) −

𝐸

]

1
]
𝐸 (𝑡)

𝑛

1
]
𝐸(𝑡𝑛 )

Equation 4-13

1
1
′
] − ∑ 𝛥𝜎 (𝑡𝑖 ) [ 𝐽(𝑡𝑛−1 , 𝑡𝑖′ ) −
]
−
𝐸(𝑡𝑛 )
𝐸 (𝑡𝑛−1 )

Equation 4-14

′

𝜖𝑐𝑟𝑒𝑒𝑝 (𝑡𝑛 ) = ∑ 𝛥𝜎 (𝑡𝑖 ) [ 𝐽(𝑡𝑛 , 𝑡𝑖′ ) −
𝑖=0
𝑛

𝛥𝜎 (𝑡1 )

𝑛−1

′

∆𝜖𝑐𝑟𝑒𝑒𝑝 (𝑡𝑛 ) = ∑ 𝛥𝜎 (𝑡𝑖 ) [

𝐽(𝑡𝑛 , 𝑡𝑖′ )

𝑖=0

𝑖=0

(∆𝜖𝑐𝑟𝑒𝑒𝑝 (𝑡𝑛 )) = ∆𝜖𝑐𝑟𝑒𝑒𝑝 (𝑡𝑛 ) ∙ 𝒏𝒊
𝑖

Equation 4-15

Equation 4-14 was formulated in the user subroutine “CREEP”. The Von Mises stress
was used in Equation 4-14 as the stress increment, 𝛥𝜎(𝑡𝑖′ ) . Then using the gradient of the
deviatoric stress potential, 𝒏𝒊 =

∂σi
∂σ

, the total creep strain increment was converted to its

respective direction using Equation 4-15; the creep increment was calculated at the start of
every time step and then the corresponding stress increment was calculated using the built-in
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viscoelastic analysis in ABAQUS. Depending on the sign of the stress increment, 𝛥𝜎(𝑡𝑖′ ), the
loading and unloading creep compliance was used in Equation 4-14. Furthermore, a user
defined subroutine, ‘USDFLD’, was developed and implemented in ABAQUS to define the
elastic modulus of every element based on the equivalent age calculated using the element’s
temperature-time history.
The creep compliance, 𝐽(𝑡, 𝑡′), was experimentally measured in tension and was modeled
using the modified B3 model proposed by Østergaard et al [117]. Only basic creep (creep
without drying) was considered because it was assumed that the concrete was still covered by the
formwork during this early age, and the concrete’s humidity was near 100% throughout the
analysis [82,97,118]. After formwork removal, curing compound was used to prevent moisture
loss. Therefore, the B3 model is an adequate choice to model the creep behavior. Østergaard et
al. modified the original B3 model to have a better estimation of the early-age viscoelastic creep
by including a 𝑞5 constant [117]. The modified B3 model is shown in Equation 4-16. The
maturity of the concrete was considered by replacing the actual time with the equivalent time, te.
Although Bazant [119] and Østergaard et. al provided empirical values for the B3 parameters, for
this study the parameters were found by fitting experimental tensile creep data. The creep in
compression was assumed to be the same as in tension however this is a debated topic in
literature [56,113,116,120–125].
J(t e , t ′e ) = q1 + q2

t ′e
te
Q(t e , t ′e ) + q3 ln[1 + (t e − t ′e )0.1 ] + q4 ln ( ′ )
′
t e − q5
te

Equation 4-16

where 𝑡𝑒 is the current age (day), 𝑡𝑒′ is the loading age (day), 𝑞1 − 𝑞5 are empirical constants and
𝑟
𝑄𝑓 (𝑡𝑒′ )
]
𝑄(𝑡𝑒 , 𝑡𝑒′ ) = 𝑄𝑓 (𝑡𝑒′ ) [1 + (
)
𝑍 (𝑡𝑒 , 𝑡𝑒′ )
2

1
−
𝑟

4 −1

𝑄𝑓 (𝑡𝑒′ ) = [0.086(𝑡𝑒′ )9 + 1.21(𝑡𝑒′ )9 ]
1

𝑍(𝑡𝑒 , 𝑡𝑒′ ) = (𝑡𝑒′ )−2 ln[1 + (𝑡𝑒 − 𝑡𝑒′ )0.1 ]
𝑟 = 1.7(𝑡𝑒′ )0.12 + 8.0
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Yeon et al. reported that the thermal expansion coefficient (TEC) was age-dependent and
greatly influenced the early-age tensile stresses [126]. Leon and Chen reported that a 10%
change in the TEC can lead to a 12% stress change [127]. Thus, for a realistic estimation of the
early-age stresses, TEC’s time-dependent behavior should be considered. The experimental TEC
(Set B) from Yeon et al. was normalized with the 7-day TEC and fitted using three intervals,
Equation 4-17. Set B was selected because it was an ordinary Portland cement mix with
limestone aggregate and a water-cement ratio of 0.45. After 7-days, it was assumed the
concrete’s TEC had reached its ultimate value, TECU, and remained constant. A comparison
between Equation 4-17 and Set B is shown in Figure 4-4. The maturity of concrete was
considered using equivalent age therefore each concrete element in the finite-element model
would have a different TEC at different times depending on its temperature time-history.
𝑇𝐸𝐶𝑈 (1.68𝑡𝑒2 − 3.20𝑡𝑒 + 2.36)
𝑇𝐸𝐶 (𝑡𝑒 ) = {
𝑇𝐸𝐶𝑈 (0.027𝑡𝑒 + 0.81)
𝑇𝐸𝐶𝑈

𝑡𝑒 ≤ 1𝐷𝑎𝑦
1𝐷𝑎𝑦 < 𝑡𝑒 < 7𝐷𝑎𝑦}
𝑡𝑒 ≥ 7𝐷𝑎𝑦

Equation 4-17

Figure 4-4: Time dependent thermal expansion coefficient

4.4 Finite-Element Model and Boundary Conditions
The concrete, steel formwork, and polystyrene insulation were modeled in the thermal
analysis using 8-node linear heat transfer brick elements (DC3D8) with a uniform mesh size of
2-in. The initial temperatures of the steel formwork and insulation were assumed to be equal to
the ambient temperature at the time of the casting. The concrete and steel formwork transferred
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heat to each other through thermal conductance. Lin and Chen [18] measured the thermal
𝐵𝑇𝑈

𝑊

conductance coefficient between concrete and steel to be 63 𝑓𝑡 2 ℎ𝑟℉ (358 𝑚2.𝐾 ). Additionally, the
insulation was assumed to have a perfect bond or “TIE” condition with the steel formwork. The
“TIE” condition is conservative because the steel formwork transfers heat to the insulation
instantaneously. The material properties, (density, specific heat, and thermal conductivity) of the
steel formwork and insulation are shown in Table 4-1. The outer surface of the
formwork/insulation lost heat through convection where the measured ambient temperature
served as the heat sink. The convection heat transfer coefficient, ℎ𝑐 , depends on the ambient
conditions of the experiment, mainly wind [34,81,92], and therefore, must be adjusted for every
experiment using Equation 4-18. The average measured wind speed from a local weather station
was used in the thermal analysis. The wind speed for each testing is shown in Figure 4-5. The
thermal analysis with insulation was completed in two steps. In the first step, the insulation layer
was included in the analysis and the thermal boundary conditions were applied to the insulation
layer. Then, using a standard ABAQUS feature, the insulation was removed at the beginning of
the second step. The start of the second step corresponds with the removal of the insulation layer.
In the second step, the thermal boundary conditions were applied to the outer surface of the steel
formwork.
Table 4-1: Material properties of steel formwork and polystyrene insulation
4-ft Cube
Insulation

500

Polystyrene
Insulation
R=5
1.9

0.12

0.3

0.3
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0.0167

0.0555

Material
Property

Steel
Formwork

Density (𝒍𝒃/𝒇𝒕𝟑 )
𝑩𝑻𝑼
Specific heat (℉ 𝒍𝒃)
Thermal conductivity
𝑩𝑻𝑼
(
)

1.9

𝒇𝒕 𝒉𝒓 ℉

𝐦
𝟓. 𝟔 + 𝟑. 𝟗𝟓𝐯𝐰 , 𝐯𝐰 ≤ 𝟓
𝐬
𝐡𝐜 = {
𝐦 }
𝟎.𝟕𝟖
𝟕. 𝟔𝐯𝐰 ,
𝐯𝐰 > 𝟓
𝐬
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Equation 4-18

where ℎ𝑐 is the convection coefficient (𝑊/𝑚2 𝐾) and 𝑣𝑤 is the wind speed (m/s) [34,81,92].

(a)

(b)

(c)

(d)

(e)

Figure 4-5: Wind speed recorded at local weather station: (a) Mix 1, (b) Mix 2, (c) Mix 3, (d)
Mix 4 and (e) Mix 5
Solar radiation can be included in the thermal analysis with Equation 4-19 [37,83,84]. In
Equation 4-19, the solar intensity, 𝐼𝑓 , can be assumed to be a sinusoidal function and negligible
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after the sunsets. The heat from the sun, 𝑞𝑠𝑜𝑙 , can be given to ABAQUS as a surface heat flux,
and updated at every time step. The assumed heat for each test is shown in Figure 4-6. The solar
absorptivity, 𝛽𝑠 , for steel is 0.47 [85]. In the development of the “mass definition tables”, the
effect of solar radiation was assumed to be small. Since the sun would warm the concrete surface
and reduce the thermal gradient, it is a conservative approach when neglecting its effect.
𝑞𝑠𝑜𝑙 = {

𝛽𝑠 𝐼𝑓 𝑞𝑠𝑜𝑙𝑎𝑟 , 𝑡𝑟𝑖𝑠𝑒 < 𝑡 < 𝑡𝑠𝑒𝑡
}
0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

Equation 4-19

where 𝑞𝑠𝑜𝑙 is the total heat of solar radiation (𝐵𝑇𝑈/𝑓𝑡 2 ), 𝛽𝑠 is the solar absorptivity, 𝐼𝑓 is the
intensity factor to account for the angle of the sun during a 24-day (𝐼𝑓 = sin (𝑡

𝑡−𝑡𝑟𝑖𝑠𝑒

𝑠𝑒𝑡 −𝑡𝑟𝑖𝑠𝑒

𝑞𝑠𝑜𝑙𝑎𝑟 is the instantaneous solar radiation (𝐵𝑇𝑈/𝑓𝑡 2 ).
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𝜋)) and

(a)

(b)

(c)

(d)

(e)

Figure 4-6: Solar radiation: (a) Mix 1, (b) Mix 2, (c) Mix 3, (d) Mix 4 and (e) Mix 5

For the stress analysis, only the concrete was included in the finite-element model. The
concrete had a 2-in 8-node linear brick with reduced integration and hourglass control (C3D8R)
elements. The Poisson’s ratio was assumed to be 0.2 and remained constant throughout the
analysis. The time step varied from model to model however a maximum of 0.25-hour time step
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was used in the thermal and stress analysis. Note, the time step in the thermal and stress analysis
should be identical. After completing the thermal analysis, the temperature-time history was
imported into the stress analysis as the thermal loading.

4.5 Verification of User-Subroutines
The user subroutines used in the thermal analysis, “DFLUX” and “USDFLD” were
checked by analyzing a concrete cube without any heat loss by eliminating the conductance and
convection heat transfer. The temperature of the cube without heat loss should match the input
adiabatic temperature rise calculated using the two-term hydration parameters in Equation 4-6. As
shown in Figure 4-7, the simulation compares well with the input ATR. Therefore, the degree of
hydration, heat generation rate, and specific heat are working correctly in the user subroutines.
This is also verification that the time-step of 0.25-hrs is adequate.

Figure 4-7: Comparison of FE model and input ATR

Verification of the user-defined “CREEP” and “USDFLD” subroutines were completed
by modeling a dog-bone with a multiple-step loading. Like the experiment, the FEM model dogbone, Figure 4-8, had a cross-section of 100-mm x 100-mm x 750-mm. The top of the dog-bone
had a fixed boundary condition, and constant tensile pressure was applied to the bottom surface
(in z-direction). The model was loaded at two different time steps (1-day and 3-day) and
unloaded at 7-day. The elastic, creep, and total strains were compared to Equation 4-13. As
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shown in Figure 4-9, the viscoelastic analysis implemented in ABAQUS was working correctly
and matches the super-position method (Hand solution). Although the stress is zero in the x and y
directions, the creep strain is non-zero. The volume change due to creep is assumed to be zero
when using the gradient of the deviatoric stress potential. Thus, the element must deform in the
non-stressed direction to maintain a constant element volume. Typical creep models found in
literature use an effective element stiffness in an incremental static elastic analysis which are not
capable of simulating the creep deformation in three dimensions separately. Thus, the
viscoelastic analysis presented is a significant improvement in modeling concrete creep behavior.

(a)

(b)

Figure 4-8: Dog-bone finite element model: (a) Dog-bone and (b) Step loading

(a)

(b)

(c)

(d)

Figure 4-9: Comparison of with FEM model (Mix 1): (a) Elastic strain, (b) Creep strain, (c)
Total strain, and (d) Creep strain in all directions
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4.6 Conclusion
In this chapter, the user-defined subroutines used in ABAQUS were described in detail.
The heat generation in concrete was modeled using a location and temperature-dependent
function. A two-term exponential function was chosen to better capture the hydration behavior of
GGBFS and fly ash. However, for mixes containing only Portland cement the second term can
be ignored. Furthermore, the effects of wind and sun radiation were considered in the thermal
analysis. Concrete’s early-age viscoelastic behavior was considered in a viscoelastic analysis
where the creep increment was calculated based on a strain superposition method. The userdefined subroutines were verified by comparing to hand solutions of the adiabatic heat
generation and 1-dimensional creep experiment. The models described in the chapter will be
used to predict the temperature-time history and cracking risk of three different concrete pier
stems. Verification of the models was made by comparing the predictions to temperature loggers
and vibrating wire strain gages installed in 4-ft cubes constructed at the WVU concrete lab, and
the results are presented in Chapter 6.
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Chapter 5 Thermal and Mechanical Properties of Class M Concrete

5.1 Introduction
In this study, the thermal and mechanical properties of five mix designs were
experimentally measured. Four were Class M mix designs and contained supplementary
cementitious material. Two had 50% replacements by weight of the Portland cement with
GGBFS while the others had 33% replacements with Class F fly ash. Furthermore, the
cementitious content was reduced to 508-𝑙𝑏/𝑓𝑡 3 instead of the 565-𝑙𝑏/𝑓𝑡 3 used in ordinary
Portland cement (OPC) mix (Mix 5) to further reduce the heat of hydration. The mix designs had
a water-cementitious ratio of 0.42 and 0.46. Additionally, the water-cement ratio of the OPC was
increased to 0.49 which is the maximum water content in a West Virginia Department of
Transportation (WVDOT) Class B mix. The five mix designs are shown in Table 5-1. The
material properties were measured using in-lab batches and concrete from a local concrete
supplier, Figure 5-1. Note, the measured w/cm ratios from the local concrete supplier’s batch
sometimes exceed the design w/cm ratios in these cases in the figures those batches will be
shown as: Batch name (w/cm = ##) to show the measured water-cementitious ratio. The air
content, initial temperature, and slump are shown in Table 5-2. The experimental procedures
will be explained in detail in Chapter 5. Then, empirical models were developed to model the
thermal and mechanical development as functions of the degree of hydration.
Table 5-1: Class M and OPC mix designs
Material
Cement, lb/yd3
Fly Ash, lb/yd3
Slag, lb/yd3
Water, lb/yd3
Limestone Agg, lb/yd3
Fine Agg, lb/yd3
w/cm

Mix 1 Mix 2 Mix 3
254
254
340
168
254
254
213
233.5
213
1795 1795 1780
1364 1364 1360
0.42
0.46
0.42
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Mix 4 Mix 5
340
565
168
233.5
277
1780 1633
1360 1423
0.46
0.49

Table 5-2: Fresh concrete properties of laboratory casting and delivered concrete
Mix

Mix
1

Mix
2

Mix
3

Mix
4

Mix
5

Batch
Trial
Cube 1
Cube 2
Cube 3
In-Lab 1
In-Lab 2
Trial
Cubes
In-Lab 1
In-Lab 2
Trial
Cube 1
Cube 2
In-Lab 1
In-Lab 2
In-Lab 3
Trial
Cube 1
Cube 2
In-Lab 1
Trial
Cubes
In-Lab 1
In-Lab 2

Air Content,
%
5.8
5.5
6.5
6.8
8.0
7.2
5.2
5.0
6.0
9.0
6.4
6.0
4.75
6.0
4.5
6.5
6.4
7.5
5.0
4.0

Slump,
In
7.5
5.0
8.0
6.0
4.25
5.0
6.5
6.0
3.75
8.5
6.0
6.5
6.5
8.0
6.5
6.0
5.75
5.0
6.0
5.75

Initial
Temperature, °F
73.0
64.0
84.0
67.7
72.9
71.0
80.7
63.0
65.0
64.0
94.0
75.0
85.82
65.7
71.0
74.0
84.8
69.0
66.2
72.5
74.2
80.0
75.4
63.5

Ticket
w/cm
0.426
0.452
0.418
0.464
0.479, 0.455
0.419
0.424
0.419
0.467
0.466
0.47
0.492
0.488
-

Measured
w/cm
0.436
0.413
0.51
0.49
0.468
0.478
0.410
0.432
0.431
0.508
0.51
0.478
0.466
0.5
0.51
0.472
0.483

Figure 5-1: Typical casting preparations from left to right: compressive and tensile strength
specimens and dog-bone
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5.2 Chemical Composition
The cement’s total heat of hydration was calculated using Bogue’s calculation, Equation
4-8, with the chemical composition shown in Table 5-4, Table 5-5, and Table 5-6. As shown in
Table 5-5 and Table 5-6 the chemical composition of the GGBFS and Class F fly ash can vary
over time even from the same source. Furthermore, changes in the chemical composition can
greatly influence the concrete’s thermal and mechanical properties. Schindler and Folliard
proposed an empirical equation to calculate the ultimate heat of hydration of a concrete mixture
containing slag and fly ash shown in Equation 4-9 [35]. The ultimate heat of hydration was
calculated based on the mix design and the chemical composition of the Portland cement,
GGBFS and Class F fly ash (Table 5-4, Table 5-5, and Table 5-6) shown in Table 5-3. Note
Mix 5, which is a typical Class B mix design in West Virginia, has the largest ultimate heat of
hydration followed closely by the GGBFS mix designs. The ultimate heat of the GGBFS mixes
depends only on the cementitious proportion and GGBFS grade. Furthermore, the Class F fly ash
has a very small contribution to the ultimate heat of hydration.
Table 5-3: Ultimate heat of hydration for the mix designs
Mix

Mix 1

Mix 2

Mix 3

Mix 4

Mix 5

𝑯𝒖 (𝑱/𝒌𝒈)

473,050

473,050

371,559

347,874

485,101

Table 5-4: Chemical composition of Type I/II Portland cement
Minerals

9/11/2015

11/10/2015

6/10/2019

LOI, %

2.66

2.59

-

CaO, %

63.86

63.42

63.02

SiO2, %

20.34

20.35

20.45

Al2O3, %

4.78

4.79

4.73

Fe2O3, %

3.19

3.11

3.23

MgO, %

2.41

2.71

2.54

SO3, %

3.01

3.14

3.24

Na2O, %

0.06

-

0.2

K2O, %

0.65

0.75

0.81

Sum

100.96

100.86

98.22
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Table 5-5: Chemical composition of GGBFS
Minerals
LOI, %
CaO, %
SiO2, %
Al2O3, %
Fe2O3, %
MgO, %
SO3, %
Na2O, %
K2O, %
Sum

Mix 1
1.27
47.48
28.89
8.27
1.93
8.34
0.73
0.66
97.57

Mix 2
43.13
32.9
5.43
1.34
4.9
2.04
0.25
0.48
90.47

Table 5-6: Chemical composition of Class F fly ash
Minerals
CaO, %
SiO2, %
Al2O3, %
Fe2O3, %
MgO, %
SO3, %
Na2O, %
K2O, %
Sum

Mix 3
7.6
51.76
20.82
10.25
1.25
0.78
0.92
2.39
95.77

Mix 4
5.84
45.31
22.28
14.53
0.93
1.78
0.85
1.95
93.47

5.3 Thermal Properties
5.3.1 Isothermal Calorimeter
The heat generation of each mix was measured with isothermal calorimetry. The
isothermal calorimetry, TAM Air microcalorimeter (8 channels), was used with a 73.4 °F
constant curing temperature. A total of 20-gram cementitious materials was mixed with water for
each test. Water was used as the reference material in the calorimetry. The heat rate and heat
generation of the Class M mixes, and Class B mix are shown in Table 5-1 were plotted in
Figure 5-2. The water cementitious ratio was kept consistent with Table 5-1. From the
isothermal testing, the total heat at 120-hours is comparable between Mix 1 to Mix 2 and Mix 3
and Mix 4. However, the early-age heat generation exhibits a different behavior. This is most
likely due to the change in the chemical composition of the GGBFS and fly ash.
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Figure 5-2: Heat rate comparison

Figure 5-3: Accumulated heat release comparison

5.3.2 Activation Energy
The activation energy can be measured using strength or heat development at three
different temperatures. In this study, a constant “apparent” activation energy was implemented
using the heat development. The heat generation was measured using an isothermal calorimeter
at three different temperatures. In the isothermal calorimeter, 20-grams of the cementitious
material was hydrated at 73.4 °F, 91.4 °F, and 109.4 °F in the TAM Air calorimeter. The heat
generation and heat generation rate at each temperature are shown in Figure 5-4 - Figure 5-8.
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(a)

(b)

Figure 5-4: Isothermal at three different temperatures for Mix 1: (a) Heat rate and (b)
Accumulated heat release

(a)

(b)

Figure 5-5: Isothermal at three different temperatures for Mix 2: (a) Heat rate and (b)
Accumulated heat release

(a)

(b)

Figure 5-6: Isothermal at three different temperatures for Mix 3: (a) Heat rate and (b)
Accumulated heat release
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(a)

(b)

Figure 5-7: Isothermal at three different temperatures for Mix 4: (a) Heat rate and (b)
Accumulated heat release

(a)
(b)
Figure 5-8: Isothermal at three different temperatures for Mix 5: (a) Heat rate and (b)
Accumulated heat release

(a)
(b)
Figure 5-9: Isothermal at three different temperatures in equivalent age for Mix 1: (a) Heat rate
and (b) Accumulated heat release
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(a)

(b)

Figure 5-10: Isothermal at three different temperatures in equivalent age for Mix 2: (a) Heat rate
and (b) Accumulated heat release

(a)

(b)

Figure 5-11: Isothermal at three different temperatures in equivalent age for Mix 3: (a) Heat rate
and (b) Accumulated heat release

(a)

(b)

Figure 5-12: Isothermal at three different temperatures in equivalent age for Mix 4: (a) Heat rate
and (b) Accumulated heat release
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(a)

(b)

Figure 5-13: Isothermal at three different temperatures in equivalent age for Mix 5: (a) Heat rate
and (b) Accumulated heat release
The heat generation at different temperatures should be equal at the same equivalent age.
Ideally, a superimposed figure of the heat generation yields the same curve. However, due to
experimental errors, the figure will have some deviation which can be minimized visually or
using a least-square analysis. In this study, the activation energy was found by minimizing
Equation 5-1. The activation energy from the heat generation was found using regression
analysis by making the heat generation of all three-temperature match well when plotted in
equivalent time, Figure 5-9 - Figure 5-13. The heat rate in equivalent time was calculated by
taking the time derivative of the accumulated heat in equivalent time. Activation energy obtained
with the isothermal calorimeter is shown in Table 5-7. The thermal activation energy
corresponds to the water-cementitious ratio shown in Table 5-1 since the water content was
controlled during the isothermal tests. In this study, a constant “apparent” thermal activation
energy was implemented because it can be measured more consistently than the activation
energy determined from the compressive strength [79,128].
𝑵
𝟐

𝟐

𝟐

Equation 5-1

∑[𝒕𝒆 (𝑯𝒊 )𝑻𝟏 − 𝒕𝒆 (𝑯𝒊 )𝑻𝟐 ] + [𝒕𝒆 (𝑯𝒊 )𝑻𝟐 − 𝒕𝒆 (𝑯𝒊 )𝑻𝟑 ] + [𝒕𝒆 (𝑯𝒊 )𝑻𝟏 − 𝒕𝒆 (𝑯𝒊 )𝑻𝟑 ]
𝒊=𝟏

where 𝑇1 , 𝑇2 and 𝑇3 are the curing temperature, 𝑡𝑒 (𝐻𝑖 ) is the equivalent age at a total heat (𝐻𝑖 )
and 𝑁 is the number of 𝐻𝑖 .
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Table 5-7: Apparent activation energy of mix designs
Mix
Mix 1
Mix 2
Mix 3
Mix 4
Mix 5

Thermal
(J/mol)
39,778
43,153
34,411
41,026
37,347

5.3.3 Adiabatic Temperature Rise
The adiabatic heat generation of the concrete can be determined from the concrete’s
adiabatic temperature rise. The adiabatic heat generation was measured using an adiabatic drum
set-up similar to the one shown by Lin and Chen [112]. A 6-in x 6-in cylinder in an insulated
container was placed in a temperature-controlled water bath. A heating unit was designed to heat
the water bath to the concrete’s temperature using a temperature control mechanism which
minimizes the heat exchange between the concrete sample and the external environment. A
temperature control mechanism with a user-defined hysteresis was utilized to avoid the overuse
of the heating unit. An embedded thermal couple measured the specimen’s adiabatic temperature
rise. Then, the heat generation was calculated by multiplying the ATR by the concrete’s density
and specific heat, Equation 4-10. Afterward, the hydration parameters were found by fitting
Equation 4-5.
Multiple ATR experiments were performed for each mix. Figure 5-14 - Figure 5-18
show the ATR for Mix 1, Mix 2, Mix 3, Mix 4, and Mix 5. For Mix 5, an insulated 3-ft cube was
cast next to the 4-ft cube. The smaller cube acted as a semi-adiabatic calorimeter and the heat
loss was added back to calculate the onsite ATR, [78] The maximum adiabatic temperature rises
were between 63 °F-75 °F, 64 °F-65 °F, 55 °F-65 °F, 60 °F-65 °F, 70 °F-80 °F for Mix 1, Mix 2,
Mix 3, Mix 4, Mix 5. For Mix 3, two of the experimental ATRs were significantly lower (Trial
Batch and Cube 1). It is believed that the chemical composition of the fly ash changed by the
time the other tests were completed and therefore the heat of hydration was higher. The
difference between the ATR is mainly caused by sampling since it is difficult to obtain the same
proportion of fine aggregate, large aggregate, and cementitious material in every test. Also, since
the chemical composition of the cement, slag, and fly ash may vary at different batches, it is
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reasonable to see some deviation. For the thermal analysis, the experimental ATR for each cube
will be used to find the hydration parameters and predict the temperature-time histories.
Typical ATRs for the OPC and Class M mixes are shown in Figure 5-19. For most mass
concrete elements, the maximum temperature and temperature differential occur in the first 50
equivalent hours. By replacing the Portland cement and reducing the total cementitious material,
the adiabatic temperature rise at 50 equivalent hours was reduced by approximately 28 °F.
Furthermore, in 500 equivalent hours, the Class M mix designs are 20 °F lower. Mix 1 and Mix 3
ATR are slightly higher than Mix 2 and Mix 4. The difference may be because the ATRs had
slightly different sample proportions and the chemical composition of the cementitious material
rather than the difference in water-cementitious ratio.

Figure 5-14: Adiabatic temperature rise for Mix 1 (𝐄𝐚 = 𝟑𝟗, 𝟕𝟕𝟖 𝐉/𝐦𝐨𝐥)

Figure 5-15: Adiabatic temperature rise for Mix 2 (𝑬𝒂 = 𝟒𝟑, 𝟏𝟓𝟑 𝑱/𝒎𝒐𝒍)
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Figure 5-16: Adiabatic temperature rise for Mix 3 (𝑬𝒂 = 𝟑𝟒, 𝟒𝟒𝟏 𝑱/𝒎𝒐𝒍)

Figure 5-17: Adiabatic temperature rise for Mix 4 (𝑬𝒂 = 𝟒𝟏, 𝟎𝟐𝟔 𝑱/𝒎𝒐𝒍)

Figure 5-18: Adiabatic temperature rise for Mix 5 (𝑬𝒂 = 𝟑𝟕, 𝟑𝟒𝟕𝑱/𝒎𝒐𝒍)
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Figure 5-19: Comparison of adiabatic temperature rise of the Class M and OPC mix designs
The heat generation was curve-fitted with Excel using Equation 4-2. Table 5-8 shows
the hydration parameters for the mix designs. The experimental adiabatic temperature rise during
each cube casting was used to fit the hydration parameters. The experimental heat was found by
multiplying the measured ATR by the specific heat and density of the mix. The measured watercementitious ratio was used to calculate the ultimate degree of hydration. Comparisons between
the curve-fitted and experimental ATR are shown in Figure 5-20. For Mix 4 – Cube 2, the in-lab
batch ATR was used for the thermal analysis because its water-cementitious ratio was closer to
the measured cube casting water-cementitious ratio. It is reasonable to have different hydration
parameters for each cube batch because the chemical composition and sample proportion change
from test to test. If the experimental ATR measurement is incorrect then the finite-element
comparison with the experimental data is expected to deviate. Thus, the finite-element analysis is
also a check of the accuracy of the ATR.
Table 5-8: Degree of hydration parameters for the Class M mixes
Mix
Mix 1
Mix 2
Mix 3
Mix 4
Mix 5

Cube
Cube 1
Cube 2
Cube 3
Cube 1
Cube 2
Cube 1
Cube 2
Cube 1
Cube 2
Cube 1
Cube 2

𝜶𝟏𝒖
0.72137
0.73140
0.46396

𝝉𝟏
47.6859
78.2826
193.108

𝜷𝟏
0.41137
0.33925
0.28943

𝜶𝟐𝒖
0.13388
0.13902
0.39129

𝝉𝟐
9.47356
10.2575
13.6417

𝜷𝟐
2.12282
1.02271
0.58889

0.82288

36.859

0.40484

0.07401

5.709

3.43393

0.57742
0.62666
0.74690
0.67971

51.1702
7.65468
18.2046
12.7295

0.37392
1.50658
0.49923
0.46005

0.29317
0.24394
0.16535
0.21359

7.5087
160.51
8.24365
8.47475

2.6896
0.97407
2.9260
2.28165

0.74690

11.4095

0.62483

-

-

-
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)
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(i)

Figure 5-20: Comparison of ATR drum and curve-fitted ATR: (a) Mix 1 - Cube 1, (b) Mix 1 –
Cube 2, (c) Mix 1 – Cube 3, (d) Mix 2 – Cubes, (e) Mix 3 – Cube 1, (f) Mix 3 – Cube 2, (g) Mix
4 – Cube 1, (h) Mix 4 – Cube 2 and (i) Mix 5 - Cubes
5.3.4 Thermal Diffusivity
The ultimate thermal conductivity, 𝐾𝑢 , was measured following CRD-C developed by the
Army Corp [158]. A 6-in by 12-in concrete cylinder with an embedded thermal couple at the
center was tested after it had water cured for 28-days. The specimen was heated to approximately
212 °F and allowed to cool in cold running water. The temperature difference between the water
bath and concrete temperature was used to calculate the thermal conductivity, Figure 5-21. The
time duration for the temperature difference to drop from 80 °F to 20 °F was used to calculate
the thermal diffusivity and conductivity for the specimen. Equation 5-2 was used to calculate
the thermal conductivity of each mix. The measured thermal conductivities are shown in Table
5-9.
𝐾𝑢
𝑀
𝐷𝛼 =
=
,
𝜌𝐶𝑝 (𝑡2 − 𝑡1 )

𝑇
60 𝐿𝑛 ( 1 )
𝑇2
𝑀=
5.783 𝜋 2
( 2 + 2)
𝑙
𝑟𝑐𝑦

Equation 5-2

where 𝐷𝛼 is the thermal diffusivity (𝑓𝑡 2 /ℎ), 𝑀 (𝑓𝑡 2 ) is a factor depending on the size and shape
of the specimen, 𝑡1 and 𝑡2 are the times at which the center of the specimen reaches the specified
temperature differences (min), 𝑇1 and 𝑇2 are the temperature differences between the specimen
and water bath (°F) at times 𝑡1 and 𝑡2 , 𝑟𝑐𝑦 is the radius of the cylinder (ft), 𝑙 is the length of the
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cylinder (ft), 𝐾𝑢 is the ultimate thermal conductivity (Btu/hr/ft/°F), 𝜌 is the mass density
(𝑙𝑏./𝑓𝑡 3 ), and 𝐶𝑝 is the specific heat capacity (Btu/lb./°F).

Figure 5-21: Temperature difference of specimen and surrounding water during thermal
conductivity testing

Table 5-9: Ultimate thermal conductivity of mix designs
Mix
𝑩𝑻𝑼
𝑲𝒖 (
)
𝒉𝒓 𝒇𝒕 °𝑭

Mix 1

Mix 2

Mix 3

Mix 4

Mix 5

0.953

1.16

1.12

1.16

1.04

5.4 Mechanical Properties
5.4.1 Strength Development
The early age concrete strength development is important for the evaluation of cracking
potential. The compressive strength and tensile strength development curves were constructed
experimentally using 4-in x 8-in and 6-in x 12-in respectively. Three cylinders were tested at
each age. Mix 1 meets the 3,000-psi compressive strength requirement of Class B concrete at 3day and reaches approximately 6,000-psi at 28-day, Figure 5-22. Mix 2, which has a higher
water-cementitious ratio than Mix 1, reaches the 3,000-psi strength requirement at 6-days for the
Trial and Cubes batches, Figure 5-23. Mix 3 surpassed the 3,000-psi strength requirement by 7days and reached approximately 4,300-psi at 28-days, Figure 5-24. The compressive strength of
Mix 4 was not consistent because the measured water-cementitious ratio varied from batch to
batch, Figure 5-25. Similarly, for Mix 5, the Cubes batch had lower compressive strength
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because of the higher water-cementitious ratio. Typically, Mix 5 would reach 5,000-psi at 28days, Figure 5-26. Using the experimental compressive strength curves shown in Figure 5-22 Figure 5-26, it is possible to construct empirical relationships between the compressive strength
and the degree of hydration. An overall empirical relationship was built for each mix design by
using the degree of hydration parameters in Table 5-8. From Equation 4-5, the degree of
hydration for each compressive, tensile, elastic modulus testing can be calculated and plotted
against the experimental test result.
The equivalent age at each strength testing was calculated using Equation 4-3, and the
equivalent age was used to calculate the concrete specimen’s degree of hydration using
Equation 4-4. Then, the compressive strength and tensile strength tested at different equivalent
ages was plotted with its respective degree of hydration. Literature suggests that for a mix
containing only Portland cement, there should be a linear relationship between the degree of
hydration and strength. For Mix 1 and Mix 2, the compressive strength was found to have a
parabolic relationship with the degree of hydration. Mix 3 – Cube 1 had separate empirical
relationships because the compressive strength was significantly lower than other test results.
The low strength was caused by the high air content and placement temperature. Although Mix 2
had a higher water-cementitious ratio its empirical data fell within ±10% of the empirical
relationship. For Mix 3 and Mix 4 fourth-order polynomials better represent the compressive
strength development. Additionally, due to the variability of the water-cementitious ratio, two
separate empirical relationships were found for Mix 4. Linear relationships were found to be
adequate for Mix 3, Mix 4 – Cube 1, and Mix 5. The compressive strength data points for each
mix design fall within 10% of the empirical relationships. Later, other properties such as the
elastic modulus and tensile strength were modeled similarly.
Table 5-10: Equation number for compressive strength development
Mix 1

Mix 2

Equation 5-3

Equation 5-4

Mix 3
Cube 1
Cube 2
Equation 5-5
Equation 5-6

Mix 4
Cube 1
Cube 2
Equation 5-7 Equation 5-8

𝑓𝑐′ (𝑡) = 10,620𝛼 2 + 5509 ∝ −1491

𝑓𝑐′ (𝑡) = 13,433 ∝2 + 584 ∝ −346

Equation 5-3

Equation 5-4
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Mix 5
Equation 5-9

𝑓𝑐′ (𝑡) = 12,043𝛼 − 3660

𝑓𝑐′ (𝑡) = 4,101𝛼 − 569

Equation 5-5

Equation 5-6

𝑓𝑐′ (𝑡) = 6,367𝛼 − 2134

𝑓𝑐′ (𝑡) = 14,297𝛼 3 − 14,164 ∝2 + 9,946 ∝ −1869

Equation 5-7

Equation 5-8
𝑓𝑐′ (𝑡) = 9,686𝛼 − 1775

Equation 5-9

Figure 5-22: Compressive strength development for Mix 1

Figure 5-23: Compressive strength development for Mix 2
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Figure 5-24: Compressive strength development for Mix 3

Figure 5-25: Compressive strength development for Mix 4
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Figure 5-26: Compressive strength development for Mix 5

Figure 5-27: Compressive strength versus degree of hydration for Mix 1
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Figure 5-28: Compressive strength versus degree of hydration for Mix 2
GGBFS requires the presence of calcium hydroxide to react, which is produced after the
cement hydration, thus it does not contribute to the concrete’s early-age strength gain until the
Portland cement hydrates [23,24,82]. Therefore, it is reasonable to observe a parabolic
relationship at an early-age however at later-ages it is approximately linear. For Mix 3, the
compressive strength was measured at a lower degree of hydrations than Mix 1 (earlier testing
age), therefore the early-age behavior was more noticeable.

Figure 5-29: Compressive strength versus degree of hydration for Mix 3
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Figure 5-30: Compressive strength versus degree of hydration for Mix 4
Since the Class F fly ash generates very little early-age heat its contribution to the earlyage strength is negligible and it behaves like the OPC mix design (linear relationship between the
compressive strength and degree of hydration). However, although the fly ash does not generate
much heat, it increases the later-age strength of the concrete mix. It is likely that the fly ash’s
small spherical particles reduce the porosity of the cementitious matrix and therefore increase the
overall strength. Since the compressive strength increases but the heat remains relatively
constant, the degree of hydration and compressive strength may be non-linear once the concrete
has matured depending on the chemical composition of the Class F fly ash.

Figure 5-31: Compressive strength versus degree of hydration for Mix 5
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Wight and MacGregor (2009) established a relationship between the compressive
strength and tensile strength using a large database of concrete cylinders (𝑓𝑡 = 6.4√𝑓𝑐′ ). The
splitting tensile strength was measured using at least two 6-in x 12-in cylinders at each test age.
For this study, the degree of hydration-dependent functions were found using the tensile strength
of each 4-ft cube. The tensile strength at 2-day is the most critical value since it is usually the
maturity of the surface of concrete when the maximum tensile stress occurs. Unlike the GGBFS
mixes (Mix 1 and Mix 2), the fly ash (Mix 3 and Mix 4) and OPC (Mix 5) mixes gain a
significant amount of strength after just 1-day. The large tensile strength at an early age reduces
the probability of thermal cracking. The relationships between tensile strength and DOH are
shown in Equation 5-11.
Table 5-11: Equation number for tensile strength development
Mix 3
Mix 4
Mix 5
Cube 1
Cube 2
Equation 5-10 Equation 5-11 Equation 5-12 Equation 5-13 Equation 5-14 Equation 5-15
Mix 1

Mix 2

𝑓𝑡 (𝑡) = 1,000 ∝2 + 445 ∝ −41

𝑓𝑡 (𝑡) = 931 ∝2 + 170 ∝

Equation 5-10

Equation 5-11

𝑓𝑡 (𝑡) = 590 ∝ −68

𝑓𝑡 (𝑡) = 793 ∝ −82

Equation 5-12

Equation 5-13

𝑓𝑡 (𝑡) = 3,850 ∝3 − 6,266 ∝2 + 3,879 ∝ −685

𝑓𝑡 (𝑡) = 663 ∝

Equation 5-14

Equation 5-15
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Figure 5-32: Tensile strength development and empirical relationship for Mix 1

Figure 5-33: Tensile strength development and empirical relationship for Mix 2

76

Figure 5-34: Tensile strength development and empirical relationship for Mix 3

Figure 5-35: Tensile strength development and empirical relationship for Mix 4

77

Figure 5-36: Tensile strength development and empirical relationship for Mix 5
5.4.2 Elastic Modulus
The concrete elastic modulus is an essential parameter used in calculating the thermally
induced stresses. The elastic modulus in compression and tension was assumed to be the same.
This assumption was confirmed by experimentally testing the tensile elastic modulus of Mix 1
and Mix 3. The specimen was a 3-ft dog-bone with a 4-in x 4-in cross-section. A vibrating-wire
strain gauge was embedded in the middle of the concrete specimen. A steel hook was placed at
each end to apply tension. The specimen was loaded in direct tension using a constant
deadweight of 300-lb. Each loading lasted approximately 10 seconds to eliminate creep effects.
Two 6-in x 12-in specimens were loaded up to 35% of the compressive strength
following ASTM C469 to measure the compressive elastic modulus. The deflection in the axial
direction was measured using a mechanical dial gauge with a resolution of 0.0001-in. Multiple
load-displacement points were plotted during the loading and the slope of the best-fit line was
used as the compressive elastic modulus. Since the loadings were well below the compressive
and tensile strength limit it is reasonable that the compressive and tensile modulus have the same
trend. The measured elastic modulus at different equivalent ages were plotted in Figure 5-37 Figure 5-41. The measured elastic modulus can also be expressed at different degree of
hydration using Equation 4-5. The compressive strength at each elastic modulus testing age can
be calculated using the above equations. Hence, an empirical relationship between the
compressive strength and elastic modulus can be developed by minimizing the squared error
between Equation 5-16 to Equation 5-20 and the measured elastic modulus. Using the
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experimental data, an empirical relationship between the compressive strength and the elastic
modulus was developed for all the mix designs shown in the Equation 5-16 to Equation 5-20
and in Figure 5-37 - Figure 5-41.
1

1

𝐸 (𝑡) = 140,432(𝑓𝑐′ )2.39

𝐸 (𝑡) = 144,950(𝑓𝑐′ )2.5

Equation 5-16

Equation 5-17
1

1

𝐸 (𝑡) = 84,000(𝑓𝑐′ )2

𝐸 (𝑡) = 72,527(𝑓𝑐′ )2

Equation 5-18

Equation 5-19
1

𝐸 (𝑡) = 582,814(𝑓𝑐′ )4.44
Equation 5-20

Figure 5-37: Elastic modulus development for Mix 1
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Figure 5-38: Elastic modulus development for Mix 2

Figure 5-39: Elastic modulus development for Mix 3

80

Figure 5-40: Elastic modulus development for Mix 4

Figure 5-41: Elastic modulus development for Mix 5
5.4.3 Ultimate Thermal Expansion Coefficient
The ultimate thermal expansion coefficient (TECU) describes the magnitude of expansion
or contraction due to a temperature change. Larger coefficients lead to larger tensile stresses. The
TECU was measured with the dog-bone concrete specimen submerged in a temperaturecontrolled water bath after 28-days of curing and placed on rollers to allow for free-free
deformation. The water was heated and cooled while the deformation due to the temperature
change was recorded with the embedded vibrating wire strain gauge. The strain was plotted
against the temperature and the slope of the best-fit line corresponding to the thermal expansion
coefficient. A typical plot is shown in Figure 5-42. The TECU mainly depends on the aggregates’
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proportion and individual thermal expansion coefficient. Therefore, it is reasonable that all the
mixes have similar values. The measured TECU values for the mix designs are shown in Table
5-12.

Figure 5-42: Typical plot of thermal expansion coefficient measurement (Mix 2)
Table 5-12: Thermal expansion coefficient of mix designs
Mix

Mix 1

Mix 2

Mix 3

Mix 4

Mix 5

𝑻𝑬𝑪𝑼 (𝟏𝟎−𝟔 /℉)

4.52

4.47

5.01

4.46

4.73

5.4.4 Tensile Creep
The tensile creep was measured using two concrete dog-bone specimens with 4-in x 4-in
cross-sections at each testing date. The dog-bones had embedded vibrating-wire strain gages
(GEOKON Model 4200A-2) with a resolution of ±1.0 micro-strain, Figure 5-43. The strain
gauges were also capable of measuring the temperature of the concrete with a resolution of ±1.8
°F. Both dog-bone specimens were painted using moisture sealant paint and then wrapped using
plastic wrap. A dog-bone was loaded with a constant deadweight of 300-lb (18.75-psi). The
strain from the loaded dog-bone has three main contributions. The first part corresponds to the
creep strain caused by continuous loading. The second part is due to the autogenous shrinkage
caused by the hydration of the binder and the third part is strains due to any changes in
temperature. Therefore, another identical dog-bone specimen located next to the loaded
specimen was used to measure the strain due to the autogenous shrinkage and temperature
change. The free dog-bone was placed on rollers to allow free deformation. The difference
between the loaded and unloaded dog-bone is the creep strain of the concrete. Then, the creep
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compliance was calculated by dividing the creep strain by the loading magnitude. The
deformation and temperature were continuously monitored with a data acquisition system.
Equation 4-16 can be plotted for each loading age and then q1 – q4 can be found by minimizing
the overall square error between the experiment and Equation 4-16. Atrushi reported that the
unloading creep can be up to 3.2-times larger than the loading creep [116]. Thus, in this study,
the unloading creep was assumed to be 2-times larger than the measured tensile creep when not
experimental measured.

(a)

(b)

Figure 5-43: Tensile creep dog-bone (a) Mold and vibrating wire strain gage and (b) loaded dogbone

Figure 5-44: Comparison of experimental data and B3 model for Mix 1
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Figure 5-45: Comparison of experimental data and B3 model for Mix 2

Figure 5-46: Comparison of experimental data and B3 model for Mix 3

Figure 5-47: Comparison of experimental data and B3 model for Mix 4
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(b)

(c)

Figure 5-48: Comparison of experimental data and B3 model for Mix 5: (a) Test 1 and (b) Test 2
Table 5-13: Modified B3 model parameters for Mix 5
𝒒𝟏 (

Test
Test 1
(Loading)
Test 2
(Loading)
Average
(Loading)
Test 1
(Unloading)
Test 2
(Unloading)
Average
(Unloading)

𝝁𝜺
𝝁𝜺
𝝁𝜺
𝝁𝜺
) 𝒒𝟐 (
) 𝒒𝟑 (
) 𝒒𝟒 (
) 𝒒𝟓 (𝑫𝒂𝒚)
𝑴𝑷𝒂
𝑴𝑷𝒂
𝑴𝑷𝒂
𝑴𝑷𝒂

35.65

20.2

69.39

19.46

0.3

35.65

20.2

11.54

62.75

0.3

35.65

20.2

40.47

41.11

0.3

35.65

20.2

38.52

107.7

0.3

35.65

20.2

34.23

130.7

0.3

35.65

20.2

36.38

119.2

0.3

Østergaard et al. (2001) modified the B3 model to simulate the tensile creep behavior of
early-age concrete. The parameters were obtained from the experimental creep testing. Results of
the tensile creep testing of the mix designs are shown in Figure 5-44 and Figure 5-48, and the
resulting creep parameters used in the B3 creep model are shown in Table 5-14. For Mix 5, the
unloading creep was experimentally measured, Figure 5-48. At 1-day, the unloading is
approximately 2.5-times larger than the loading creep compliance. The average of the B3
parameters were used in the stress analysis for Mix 5.
Table 5-14: Curve-fitted B3 model creep parameters
𝝁𝜺
𝝁𝜺
𝝁𝜺
𝝁𝜺
Creep
Portion
) 𝒒𝟐 (
) 𝒒𝟑 (
) 𝒒𝟒 (
) 𝒒𝟓 (𝑫𝒂𝒚)
𝒒𝟏 (
Parameter
𝑴𝑷𝒂
𝑴𝑷𝒂
𝑴𝑷𝒂
𝑴𝑷𝒂
Mix 1
Load
22.36
53.89
19.79
92.6
0.3
53.89
39.16
138.9
0.3
Unload
22.36
Mix 2
Load
18.65
64.9
18.4
27.9
0.2
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Mix 3
Mix 4
Mix 5

Unload
Load
Unload
Load
Unload
Load
Unload

18.65
22.51
22.51
22.4
22.4
35.65
35.65

64.9
33.93
33.93
34.50
34.50
20.2
20.2

49.7
53.39
60.2
31.3
46.95
40.47
36.38

56.6
77.85
83.4
11.3
16.95
41.11
119.2

0.2
0.2
0.2
0.2
0.2
0.3
0.3

5.5 Conclusion
In this chapter, the mix designs and cementitious material’s chemical analysis were
described. The experimental results of the isothermal heat at three different curing temperatures,
adiabatic temperature rise, thermal diffusivity, compressive strength, tensile strength, elastic
modulus, thermal expansion coefficient, and tensile creep were measured. The degree of
hydration parameters, thermal activation energies, and ultimate thermal conductivity were
obtained for all concrete mix designs. The relationships between the compressive and tensile
strength and the corresponding degree of hydrations were established. The tensile creep
parameters were also obtained for each batch. The measured concrete properties were used in the
finite element thermal and stress analysis shown in the following chapters. In general, Mix 1-4
generated lower accumulated heat than the ordinary Portland cement. The GGBFS in Mix 1-2
reduced the early-age accumulated heat and strength. However, its later-age heat and strength
exceed the fly ash and OPC mixes. Since all mixes had similar aggregate composition (i.e.
limestone), the measured ultimate thermal expansion coefficient were similar.
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Chapter 6 Thermal and Stress Analysis of 4-ft Cubes
6.1 Introduction
The finite-element model described in Chapter 4 and the thermal and mechanical
empirical relationships obtained in Chapter 5 were verified by comparing them to experimental
temperature and strain measurements. The experimental measurements were made with sensors
embedded in 4-ft concrete cubes. The concrete cubes were cast outside West Virginia
University’s concrete lab with the help of WVDOT personnel. This chapter presents a
comparison of the finite-element model and 4-ft concrete cube measurements.
6.2 Construction of 4-ft Cubes
Four-foot (4-ft) concrete cubes with steel formwork were cast from the batches delivered
by the local concrete supplier. During the casting, the slump and air content were measured and
shown in Table 6-1. For Mix 2 and Mix 5, two 4-ft cubes were cast at the same time except one
of the cubes had an extra 1-in insulation layer. The insulation was glued onto the surface of the
steel formwork and secured with duct tape as shown in Figure 6-2. Temperature loggers and
vibrating-wire strain gages were embedded in the 4-ft cube and were tied onto an aluminum
cage. The cage provided minimum support needed to secure the sensors. The temperature
loggers’ locations were measured right before each casting, and then set to record at 1-hour
intervals with a resolution of +1.8 °F (+1°C). An additional temperature logger was placed in a
shaded location to measure the ambient temperature. Similarly, the strain gages were placed at
critical locations (side center, top edge, or side edge) with a 2-inch clear cover. A picture taken
during the casting is shown in Figure 6-1. The 4-ft cubes were cast inside the steel formwork
with a thickness of 0.125-inch. The concrete cubes and the formwork were supported by a
wooden pallet, Figure 6-2. The concrete surface was covered with a plastic sheet after casting
and the steel formwork was kept in place for 10-days to minimize the drying of the concrete
surface.
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(c)

Figure 6-1: The picture was taken during Mix 1: (a) Temperature loggers, (b) Strain gauges and
(c) Schematic of sensor location

Figure 6-2: Insulated and non-insulated 4-ft cubes cast together during Mix 2 and Mix 5
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Table 6-1: Fresh concrete properties of 4-ft cubes
Mix

Mix 1

Mix 2
Mix 3
Mix 4
Mix 5

Cube
#

Date

Insulation

1

04/17/2015

-

-

5.5

5.0

64.0

0.426

-

2

05/19/2015

-

-

6.5

8.0

84.0

0.452

-

3

10/21/2015

-

-

6.8

6.0

67.7

0.418

-

-

-

1” Layer

120-hrs

7.2

5.0

63.0

1

12/13/2018

2

Insulation
Air
Slump,
Removal Content, %
Inch

Initial
Temperature, °F

Ticket Measured
w/cm
w/cm

0.479
0.455

0.49

1

08/13/2015

-

-

9.0

8.5

75.0

0.424

-

2

09/16/2015

-

-

6.4

6.0

85.82

0.419

-

1

10/08/2019

-

-

6.0

8.0

69.0

0.466

0.51

2

03/16/2020

1” Layer

100-hrs

4.5

6.5

66.2

0.47

0.478

-

131-hrs

7.5

5.0

80.0

0.488

0.51

1

07/12/2018

2

1” Layer

The measured temperature-time histories of each 4-ft cube together and ambient
temperature for each casting are shown in Figure 6-3 - Figure 6-13. Note, the distances shown
in the figures correspond to the temperature loggers’ location from the surface of the steel
formwork. For the cases with insulation, the 4-ft cubes had a much slower heat dissipation, and
the insulation decreased the temperature gradients (Mix 2: Cube 2, Mix 4: Cube 2, and Mix 5:
Cube 2).

Figure 6-3: Temperature-time history of Mix 1: Cube 1
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Figure 6-4: Temperature-time history of Mix 1: Cube 2

Figure 6-5: Temperature-time history of Mix 1: Cube 3
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Figure 6-6: Temperature-time history of Mix 2: Cube 1

Figure 6-7: Temperature-time history of Mix 2: Cube 2 (1” Insulation)
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Figure 6-8: Temperature-time history of Mix 3: Cube 1

Figure 6-9: Temperature-time history of Mix 3: Cube 2
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Figure 6-10: Temperature-time history of Mix 4: Cube 1

Figure 6-11: Temperature-time history of Mix 4: Cube 2 (1” Insulation)
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Figure 6-12: Temperature-time history of Mix 5: Cube 1

Figure 6-13: Temperature-time history of Mix 5: Cube 2 (1” Insulation)
The measured strain and temperature histories from the vibrating-wire strain gages for
each 4-ft cube are shown in Figure 6-14 - Figure 6-20. The strain gages were located at the side
center (at the center of side surface 2-inch from the steel formwork), side edge (at mid-height of
the vertical edge with 2-inch clear cover), and top edge (at the middle of the horizontal edge 2inch from the steel formwork). For Mix 1: Cube 3, the strain gages had off-scale reading for the
first 5-10 hrs. Additionally, due to rainfall that occurred the day after the Mix 2 cubes casting,
the data became unreliable due to an electrical malfunction. A similar malfunction occurred
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during the casting of Mix 4: Cube 2. Although data was recovered for Mix 3: Cube 1, its
magnitude is significantly less than other strain measurements and oscillates with the concrete
temperature. Typically, the side center has less daily variation than the other sensors because it
has more protection from the ambient environment. Since there are few practical methods to
measure the actual concrete surface’s stresses, the strain measurements were used to verify the
finite-element model. The experimental strain-time histories will be compared to the finite
element analysis.

Figure 6-14: Experimental vibrating strain gages of Mix 1: Cube 1

Figure 6-15: Experimental vibrating strain gages of Mix 1: Cube 2
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Figure 6-16: Experimental vibrating strain gages of Mix 1: Cube 3

Figure 6-17: Experimental vibrating strain gages of Mix 2: Cube 1

Figure 6-18: Experimental vibrating strain gages of Mix 3: Cube 2
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Figure 6-19: Experimental vibrating strain gages of Mix 5: Cube 1

Figure 6-20: Experimental vibrating strain gages of Mix 5: Cube 2 (1” insulation)

6.3 Thermal Analysis
The 4-ft cubes were constructed in ABAQUS with three parts: 4-ft concrete block, steel
formwork, and if necessary, insulation. As described previously the outer surface of the
formwork (either steel or insulation) lost heat through a convection model where the measured
ambient temperature served as the heat sink. Furthermore, the concrete to steel heat transfer was
modeled with a conductance model, and the insulation was assumed to be “tied” with the steel
formwork. For the cases with insulation, although an R = 5 insulation was installed, due to air
gaps and imperfect bonding, the effective R-value was less. The large air gap in between the
steel formwork and insulation allowed air to circulate cooling the steel formwork, therefore
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reducing the insulation protection. In the finite-element model, the insulation thermal
conductivity was adjusted to match the decay of the 4-ft cubes which only depends on the heat
loss. In most cases, the insulation behaved like an R = 1.5 insulation and was kept constant for
the 4-ft insulation analyses. A typical 4-ft cube finite-element model is shown in Figure 6-21.

Figure 6-21: Finite element model: (a) Concrete block, (b) Steel formwork, and (c) Insulation
6.3.1 Mix 1
The temperature histories of the three 4-ft cubes using Mix 1 were predicted with FEM.
The hydration parameters and thermal properties were shown in Chapter 5. Figure 6-22, Figure
6-24, and Figure 6-26 show the comparison between the experiment and the FEM analysis for
Mix 1. For ease, only the center and side center temperatures were compared to the FEM
analysis. A comparison with all the experimental temperature sensors can be found in the
Appendix. Table 6-2 shows a comparison between the experimental temperature difference and
analysis temperature difference. The FEM analysis predicted the maximum temperature
difference with a maximum error of less than 2.5 °F for Cube 1 and Cube 3. However, the finiteelement maximum temperatures for Cube 2 and Cube 3 are much lower than the experimental
temperature. It is possible that the experimental ATR for Cube 2 and Cube 3 were lower than the
actual heat generated by the mix. Casting a 4-ft cube and completing a thermal analysis can be
used as a confirmation of the experimental heat generation measurement. Since the mix design
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for Cube 2 and Cube 3 is similar to Cube 1, the ATR from Cube 1 was adopted. The thermal
analysis was repeated and shown in Figure 6-28 - Figure 6-29. In the stress analysis, the
updated thermal analysis will be used as the thermal loading for Cube 2 and Cube 3.

Figure 6-22: Experimental and FEM temperature comparison at the center (24-in) and side
surface (2-in) of Mix 1: Cube 1

Figure 6-23: Temperature difference of Mix 1: Cube 1
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Figure 6-24: Experimental and FEM temperature comparison at the center (24-in) and side
surface (2-in) of Mix 1: Cube 2 (Cube 2 DOH)

Figure 6-25: Temperature difference of Mix 1: Cube 2 (Cube 2 DOH)
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Figure 6-26: Experimental and FEM temperature comparison at the center (24-in) and side
surface (2-in) of Mix 1: Cube 3 (Cube 3 DOH)

Figure 6-27: Temperature difference of Mix 1: Cube 3 (Cube 3 DOH)
Table 6-2: Experimental and FEM comparison for Mix 1
Maximum Experimental

Maximum FEM Temperature

Temperature Difference (°F)

Difference (°F)

Cube 1

32.23 @ 24 hours

30.1 @ 24 hours

Cube 2

36 @ 22 hours

31.58 @ 18.75 hours

Cube 3

28.8 @ 21 hours

29.48 @ 19.75 hours

Mix 1
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(a)

(b)

Figure 6-28: (a) Experimental and FEM temperature comparison at the center (24-in) and side
surface (2-in) of Mix 1: Cube 2 (Cube 1 DOH) and (b) Temperature difference

(a)

(b)

Figure 6-29: (a) Experimental and FEM temperature comparison at the center (24-in) and side
surface (2-in) of Mix 1: Cube 3 (Cube 1 DOH) and (b) Temperature difference

6.3.2 Mix 2
The temperature histories of the two 4-ft cubes using Mix 2 were predicted with FEM.
The hydration parameters and thermal properties were shown in Chapter 5. Figure 6-30 and
Figure 6-32 show the comparison between the experiment and the FEM analysis for Mix 2.
Since Mix 2: Cube 2 was protected with insulation, it matches much better with the FEM
analysis because external factors such as solar radiation and wind have less influence on the
temperature-time history. However, after the insulation removal the environmental factors have a
larger influence. Since the two cubes were cast at the same time, the hydration parameters and
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environmental conditions were kept constant. Table 6-3 shows a comparison between the
experimental temperature difference and analysis.

Figure 6-30: Experimental and FEM temperature comparison at the center (24-in) and side
surface (2-in) of Mix 2: Cube 1

Figure 6-31: Temperature difference of Mix 2: Cube 1
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Figure 6-32: Experimental and FEM temperature comparison at the center (24-in) and side
surface (2-in) of Mix 2: Cube 2 (1” insulation)

Figure 6-33: Temperature difference of Mix 2: Cube 2 (1” insulation)
Table 6-3: Experimental and FEM comparison for Mix 2
Maximum Experimental

Maximum FEM Temperature

Temperature Difference (°F)

Difference (°F)

Cube 1

23.4 @ 19 hours

19.67 @ 22 hours

Cube 2

21.6 @ 20 hours

19.67 @ 22 hours

Mix 2
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6.3.3 Mix 3
Figure 6-34 and Figure 6-36 show the comparison between the experiment and analysis
for Mix 3. Table 6-4 shows a comparison between the experimental temperature difference and
analysis. A larger variation can be seen between the experiment and the FEM in Mix 3: Cube 1.
However, as shown in Figure 6-36, the center and side match well. The difference is most likely
caused by an external environmental factor and the error becomes larger at later ages in daily
cycles. This suggests that the solar radiation does not fully capture the solar effects. Like the
adiabatic temperature rise in Figure 5-16, Mix 3: Cube 1 had a temperature rise of
approximately 7 °F less than Mix 3: Cube 2 even though the initial temperature was similar.

Figure 6-34: Experimental and FEM temperature comparison at the center (24-in) and side
surface (2-in) of Mix 3: Cube 1
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Figure 6-35: Temperature difference of Mix 3: Cube 1

Figure 6-36: Experimental and FEM temperature comparison at the center (24-in) and side
surface (2-in) of Mix 3: Cube 2
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Figure 6-37: Temperature difference of Mix 3: Cube 2
Table 6-4: Experimental and FEM comparison for Mix 3
Maximum Experimental

Maximum FEM Temperature

Temperature Difference (°F)

Difference (°F)

Cube 1

37.8 @ 21 hours

34.5 @ 21 hours

Cube 2

41.4 @ 20 hours

41.0 @ 22.75 hours

Mix 3

6.3.4 Mix 4
Figure 6-38 and Figure 6-40 show the comparison between the experiment and the FEM
analysis for Mix 4. Unlike Mix 2 and Mix 5, Cube 1 (non-insulated) and Cube 2 (insulated) were
cast at different times with different ambient conditions. Therefore, a direct comparison is
difficult. However, Cube 2 has a much lower temperature decay at the center and the ambient has
less effect on the side center temperature-time histories. Additionally, the maximum temperature
difference is low and occurs much later. Furthermore, the daily peaks recorded by the side center
temperature logger during Mix 4: Cube 1 could be duplicated in the FEM analysis. These daily
peaks are most likely caused by solar radiation on the steel formwork since the phenomenon was
not seen during Mix 4: Cube 2 because the insulation provides some protection. Table 6-5 shows
a comparison between the experimental temperature difference and the analysis temperature
difference.
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Figure 6-38: Experimental and FEM temperature comparison at the center (24-in) and side
surface (2-in) of Mix 4: Cube 1

Figure 6-39: Temperature difference of Mix 4: Cube 1
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Figure 6-40: Experimental and FEM temperature comparison at the center (24-in) and side
surface (2-in) of Mix 4: Cube 2 (1” insulation)

Figure 6-41: Temperature difference of Mix 4: Cube 2 (1” insulation)
Table 6-5: Experimental and FEM comparison for Mix 4
Maximum Experimental

Maximum FEM Temperature

Temperature Difference (°F)

Difference (°F)

Cube 1

23.4 @ 21 hours

19.73 @ 21.25 hours

Cube 2

14.4 @ 38 hours

14.44 @ 21.5 hours

Mix 4
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6.3.5 Mix 5
Figure 6-42 and Figure 6-44 show the comparison between the experiment and the FEM
analysis for Mix 5. Since the center temperature matches well for both cubes it can be concluded
that the heat generation modeled using the hydration parameters in Chapter 5 can be used to
predict the temperature-time history. Table 6-6 shows a comparison between the experimental
temperature difference and the FEM analysis temperature difference.

Figure 6-42: Experimental and FEM temperature comparison at the center (24-in) and side
surface (2-in) of Mix 5: Cube 1

Figure 6-43: Temperature difference of Mix 5: Cube 1
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Figure 6-44: Experimental and FEM temperature comparison at the center (24-in) and side
surface (2-in) of Mix 5: Cube 2 (1” insulation)

Figure 6-45: Temperature difference of Mix 5: Cube 2 (1” insulation)

Table 6-6: Experimental and FEM comparison for Mix 5
Maximum Experimental

Maximum FEM

Temperature Difference (°F)

Temperature Difference (°F)

Cube 1

32.4 @ 22 hours

34.47 @ 22.5 hours

Cube 2

18 @ 24 hours

17.94 @ 24.25 hours

Mix 5
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6.4 Stress Analysis
A stress analysis was performed for all the 4-ft cubes. The mechanical properties
obtained from the experiments described in Chapter 5 and modeled as the degree of hydration
functions were used in the thermal stress calculations. The finite-element model in ABAQUS
only included the concrete block, and the thermal analysis shown in Section 6.3 served as the
thermal loading. First, the FEM analysis was compared to the experimental strain measurements
and then the tensile stress at the critical location was compared to the tensile strength. As shown
in Figure 6-46, the maximum tensile stresses (red) occur at the side and top edges. The 4-ft cube
has three critical locations where cracking may occur: side center, side edge, and top edge. It was
found that the top edge and side edge have approximately the same tensile stress and are both
higher than the tensile stress at the side center. Additionally, the edges have a much lower
temperature-time history, and therefore, a lower tensile strength which increases the probability
of cracking. Since the 4-ft cube was curing at a high temperature, the maturity method was
employed to predict the actual tensile strength. The temperature-time history was used to
calculate the degree of hydration and then the empirical relationship between the degree of
hydration and tensile strength was employed. If the estimated tensile stress exceeded the tensile
strength, it can be concluded that the 4-ft concrete cube has a high probability of experiencing
thermal cracking. Furthermore, the 4-ft cubes were inspected immediately after the formwork
removals for thermal cracks.

(a)

(b)

Figure 6-46: Finite element model at 16.50 hours: (a) Temperature (red = high temperature) and
(b) Stress (red = high tensile stresses)
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6.4.1 Mix 1
Figure 6-47 to Figure 6-51 show the FEM strain compared with the experimental strain
for Mix 1: Cube 1, Cube 2, and Cube 3. The FEM model compares reasonably well with the
measured strain deformation at the side center location for Mix 1: Cube 2 and Cube 3. A greater
discrepancy in behavior occurs for Cube 1 at the edge locations. The vertical aluminum rods
supporting the strain gages extruded out of the concrete and were exposed to the environment. It
is possible that the strain gages were secured too tightly, and they did not accurately record the
actual deformation of the surrounding concrete since its behavior is different from the other
batches. Rather it recorded the temperature deformation of the rods exposed to the ambient
environment. Figure 6-49 shows the strain comparison for Mix 1: Cube 2 with the vibrating wire
strain gauge located at the side edge and side center; FEM results compared closely with the side
center strain but predicted a much lower strain for the side edge. As shown in Chapter 5, a
parabolic relationship between the strength and the degree of hydration was assumed for Mix 1
where the concrete’s strength was assumed to be zero before it reached a critical degree of
hydration. Since the elastic modulus was set as a function of the strength, in the stress subroutine
a constant low elastic modulus was appointed before the critical degree of hydration was
reached. Thus, the stresses before the critical degree of hydration were low as shown in Figure
6-50.
Upon formwork removal, no cracks were noticed on the surface of these three concrete
cubes. This is a visual confirmation that the tensile stresses were not large enough to exceed the
tensile strength. The maximum early-age tensile stress for the Mix 1: Cube 1 was 102-psi at
23.25 hours. The maximum early-age tensile stress for the Mix 1: Cube 2 was 89.48-psi at 11.75
hours. The maximum early-age stress for Mix 1: Cube 3 was 86.78-psi at 15.25 hours. It is noted
that the shape of the stress curve changes depending on the temperature-time difference. The
maximum cracking index, or ratio between the tensile stress and tensile strength, were 0.4552,
0.545, and 0.7798. Pictures were taken after form removal and are shown in Figure 6-53.
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(a)

(b)

Figure 6-47: Comparison of FEM and experimental strain measurements for Mix 1: Cube 1(a)
top edge and (b) side center

Figure 6-48: Tensile stress prediction for Mix 1: Cube 1

(a)

(b)

Figure 6-49: Comparison of FEM and experimental strain measurements for Mix 1: Cube 2 (a)
side edge and (b) side center
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Figure 6-50: Tensile stress prediction for Mix 1: Cube 2

(a)

(b)

Figure 6-51: Comparison of FEM and experimental strain measurements for Mix 1: Cube 3 (a)
top edge and (b) side center

Figure 6-52: Tensile stress prediction for Mix 1: Cube 3
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(a)

(b)

Figure 6-53: Pictures of Side Surface (a) Cube 1 and (b) Cube 2

6.4.2 Mix 2
Strain gauges were installed at the side center and side edge of each cube during the Mix
2 casting. However, due to an electrical malfunction, the data recorder failed during the
experiment and the data was lost. Although a comparison with the experimental strain
measurement is not possible, it is beneficial to compare the effect of insulation. Figure 6-54 (b)
shows the cube’s side center strain comparison. Figure 6-54 (a) shows the estimated tensile
stresses in each cube. Although the maximum temperature difference predicted by the finite
element was identical, Cube 2 had a lower early-age tensile stress. The tensile stress was lower
because the concrete had more creep deformation due to the higher temperature curing.
Likewise, the tensile strength of Cube 2 grows quicker. Neither cube was predicted to crack
however Cube 1 approached the tensile strength. No cracks were noticed on the surface of the
concrete at the time of formwork removal.
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(a)

(b)

Figure 6-54: Stress analysis of Mix 2: (a) Tensile stress at the edge and (b) Side center strain
6.4.3 Mix 3
The FEM predicted that Mix 3: Cube 1’s maximum tensile stress exceeded its tensile
strength, and it would exhibit thermal cracking, Figure 6-55. The low tensile strength is
attributed to the high cracking risk. The low strength was caused by a combination of hightemperature curing (high initial temperature) and high air content. Upon formwork removal,
cracks were seen on the surface, Figure 6-57. The maximum stress was 303-psi at 18 hours.
Unfortunately, the vibrating-strain gages did not provide useful measurements due to improper
grounding and malfunction of the data logger which caused significant oscillations in the
measured data. However, a comparison with the side center strain gauge is shown in Figure
6-56.

Figure 6-55: Tensile stress prediction for Mix 3: Cube 1
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Figure 6-56: Comparison of FEM and experimental strain measurements for Mix 3: Cube 1

(a)

(b)

(c)
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(d)

Figure 6-57: Mix 3: Cube 1 thermal crack: (a) Top edge side view, (b) Top edge top view, (c)
Top edge zoomed side view, and (d) Mix 3: Cube 1 orientation
The mechanical properties described in Chapter 5 were used to model Mix 3. Figure
6-58 shows a comparison of the experimental strain and the FEM analysis. Like Mix 1, the shape
and magnitude of the FEM analysis match reasonably well with the experimental results for Mix
3: Cube 2. This was expected because the total strain was mainly due to the temperature
deformation and the predicted temperature history matches well, so the total strain is expected to
be matched well. Unlike, the side edge in the other 4-ft cubes, the Mix 3: Cube 2 side edge strain
gage was placed perpendicular to the side edge. Therefore, the deformation was mostly due to
temperature. The stress analysis results, Figure 6-59, predict maximum stress of 376-psi at 22.0
hours. The tensile stresses approach the concrete cube’s tensile strength however no thermal
cracks were expected. At the formwork removal time, no cracks were noticed on the concrete’s
surface.
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(a)

(b)

Figure 6-58: Comparison of FEM and experimental strain measurements for Mix 3: Cube 2 (a)
side edge and (b) side center

Figure 6-59: Tensile stress prediction for Mix 3: Cube 2

6.4.4 Mix 4
Strain gauges were installed at the side center and side edge of each cube during the Mix
4 casting. However, the data logger was damaged during the Mix 4 casting and the data retrieved
was unreliable. Figure 6-62 shows the estimated tensile stresses in each cube. The finite-element
prediction shows the insulation benefit; the early-age tensile stresses were reduced significantly
in Cube 2. Thus, insulation protections should be implemented in mass concrete elements to
reduce the risk of early-age thermal cracks. Neither cube was predicted to crack however Cube 1
approached the tensile strength. No cracks were noticed on the surface of the concrete at the time
of formwork removal.
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(a)

(b)

Figure 6-60: Stress analysis of Mix 4: (a) Tensile stress at the edge and (b) Side center strain

6.4.5 Mix 5
A comparison between the FEM model and the experiment is shown in Figure 6-61. In
general, the behavior of the FEM model is like the experimental measurements. Both the strain
gauge and the FEM model of Cube 2 show a rapid decrease in the strain at approximately 131hrs. The drop corresponds to the rapid cooling of the concrete surface due to removal of the
insulated formwork. Finally, to estimate the possibility of cracking, the calculated tensile stresses
were compared to the tensile strength at the critical location. Note, the maturity of the concrete
must be considered when calculating the tensile strength since it is being cured at higher
temperatures. Figure 6-62 shows the estimated tensile stress and tensile strength. The maximum
early-age tensile stress during the first 24-hrs for each 1.2-m (4-ft) cube was 230-psi at 21.5-hrs
(Cube 1) and 115-psi at 22.25-hrs (Cube 2), respectively. The addition of an insulation layer
decreased the early-age stress by 115-MPa (50%). Note, the early insulation removal causes the
stress to reach 136-psi which is higher than the early-age stress. Therefore, although insulation
can reduce early-age stresses, if the insulation layer is removed too early, the stresses caused by
the surface cooling should be considered.
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Figure 6-61: Comparison of FEM and experimental strain measurements for Mix 5: Cube 1

Figure 6-62: Tensile stress prediction for Mix 5: Cube 1 and Cube 2
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(a)

(b)

(c)

Figure 6-63. Pictures after form removal: (a) Cubes with curing compound, (b) Cube 1 side
surface, and (c) Cube 2 side surface

6.5 Conclusion
The empirical models developed in Chapter 5 were used to predict the temperature and
stress time histories of 4-ft cubes using ABAQUS. Temperature loggers were installed in the 4-ft
cubes and the temperature-time histories were compared to the finite-element predictions. The
FEM analysis matched well with the temperature measurements. Since the thermal analysis can
predict the maximum temperature and the temperature profile, it can be concluded that the
shapes and magnitudes of the degree of hydrations, as well as the calculated heat generation
function, were correct. During the first day, the center of the 4-ft cube is not affected greatly by
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the environment. However, after the center reaches its peak temperature, usually 20 hours after
casting, the environmental factors such as wind and sun radiation on the surface became more
evident and caused some discrepancies between the experimental and FEM results, especially at
the side edge location. Only Mix 3: Cube 1 showed evidence of thermal cracking after formwork
removal and was predicted to crack by the finite-element model. The thermal stresses in the fly
ash mixes were larger than the GGBFS mix however its higher early age tensile strength
prevented thermal cracking. The FEM model developed was able to simulate the strain history at
the critical stress locations. The FEM strain results were comparable with the experimental strain
measurements which indicate that the maximum tensile stress magnitude can be predicted with
reasonable accuracy.
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Chapter 7 Development of Mass Definition Tables
7.1 Introduction
The mass concrete definition table was constructed using the developed finite-element
stress analysis. The temperature and stress analysis method described in Chapter 4 was used to
evaluate three different pier-stem size geometries, with circular, square, and rectangular crosssections shown in Figure 7-2. The analysis was conducted on these pier stem geometries in
increments of 0.5-ft. The concrete pier stems were considered non-mass if the maximum tensile
stress did not exceed 80% of the estimated tensile strength. If the tensile stress exceeded the
tensile strength, the minimum dimension was reduced by 0.5-ft. Likewise, if the strength
exceeded the stress, the dimension was increased by 0.5-ft. For Mix 2, Mix 4, and Mix 5 an
insulation layer (R = 5) was added to further increase the maximum-minimum dimension. In the
mass concrete definition table, green represents non-mass, and red represents mass elements.
This chapter presents the mass definition table for each mix design presented in Table 1-1.

7.2 Assumptions
The mass concrete definition table was constructed for pier stems with steel formwork.
Two separate cases were evaluated: summer (Case 1) and winter (Case 2). A 30 °F daily ambient
temperature variation was assumed, with a sinusoidal shape, between 60 °F at 6:00 AM and 90
°F at 3:00 PM for Case 1. The concrete element was assumed to be cast at 10:00 AM with an
initial temperature of 75 °F, 2 °F higher than the ambient temperature of 73 °F. For Case 2, the
ambient temperature varied between 30 °F and 60 °F with an initial temperature of 62 °F. It was
assumed that the concrete element was cast at 2:00 PM. The ambient temperature for each case is
shown in Figure 7-1. As stated in Chapter 4, the thermal convection coefficient is highly
dependent on wind speed. To be conservative an average wind speed of 3.0 mph was used
throughout the thermal analysis.
It should be noted that the mass concrete definition table is only valid if the material
properties stated in Chapter 5 are met. The adiabatic temperature rise of the mix must be at most
70 °F, 58 °F, and 85 °F for the 50% GGBFS, 30% fly ash, and OPC mix designs, respectively.
As shown in Chapter 5, the chemical composition of the cement and mineral additives can vary
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and lead to a higher temperature rise. Furthermore, exceeding the total cementitious content
would also lead to a higher ATR. A larger adiabatic temperature rise would cause larger
temperature gradients in the concrete structure and increase the probability of cracking.
Similarly, the water-cementitious ratio and air content must be strictly controlled to maintain the
strength curves and tensile creep described in Chapter 5. Furthermore, the daily ambient
temperature variation cannot exceed 30 °F.

Figure 7-1: Sinusoidal ambient temperature for mass concrete definition table

Figure 7-2: Circular pier stem: D (diameter) x 3D (height), Square pier stem: H (thickness) x H
x 3H and rectangular pier stem: H (thickness) x 3H x 3H
7.3 Temperature Prediction
The three different pier stem geometries were analyzed using the five mix designs in
Table 1-1. The highest adiabatic temperature rise of each mix design was used to predict the
temperature-time history to maximize the tensile stress on the pier cap’s surface. The thermal
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properties such as the activation energy, thermal conductivity, and specific heat were described
in detail in Chapter 5. An example of the temperature analysis for cylindrical pier stems with
different dimensions (4.5-ft diameter to 6-ft diameter) is shown in Figure 7-3. As the size of the
pier stem increases, the center temperature approaches the adiabatic temperature rise, however,
the side surface temperature remains relatively constant. Therefore, temperature gradients
become more severe. Furthermore, for the same dimension, a rectangular cross-section pier stem
would have a larger temperature differential. This phenomenon suggests that the geometry shape
influences the temperature distribution. Figure 7-4 shows a pier stem with a 3.5-feet minimum
dimension that was built using three different cross-section geometries (circular, square, and
rectangular) with an insulated steel formwork (providing R = 5 insulation). For cases with
insulation, the formwork was assumed to be removed at 10-days. During the few hours after
formwork removal, the surface temperature has a sudden drop as shown in Figure 7-4. The
rectangular pier stem shows the largest temperature difference while the circular pier stem shows
the smallest temperature difference. The temperature gradient causes a build-up of thermal
stresses. The temperature profiles obtained from the thermal analysis served as the thermal
loading in the subsequent stress analysis.

(a)

(b)

Figure 7-3: Circular pier stem temperature-time history for Case 1 using Mix 2: (a) Center and
side temperature and (b) Temperature difference
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(a)

(b)

Figure 7-4: Temperature time history of pier stems with the same minimum dimension (3.5-ft)
and insulation (R = 5) for Case 2 using Mix 4: (a) Center and side/edge temperature and (b)
Temperature difference
7.4 Stress Prediction
Using the predicted temperature histories, the maximum tensile stresses were estimated
and compared to 80% of the tensile strength. The side edges for the rectangular and square
cross-section are the critical locations that display the highest tensile stresses, Figure 7-5, while
for the circular pier stem, the critical locations are located at the mid-height of the column. A
typical comparison is shown in Figure 7-6. The tensile strength increases rapidly due to the
high-temperature curing. As seen in Figure 7-6, the maximum tensile stress for the 3.5-ft x 3.5-ft
x 13.5-ft does not exceed 80% of the tensile strength while the 4.0-ft square column exceeds the
limit. Therefore, the 3.5-ft square pier stem was marked as "green" (non-mass concrete).

(a)

(b)

(c)

Figure 7-5: Stress Distribution (red = high tension stresses) (a) Circular, (b) Square and (c)
Rectangular
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Figure 7-6: Typical stress analysis comparison for square pier stem using Mix 2 (Case 1)

The two cases (summer and winter) described previously were analyzed for each pier
stem. If the tensile stress exceeded the 80% tensile strength, the minimum dimension was
reduced by 0.5-ft. Likewise, if the strength exceeded the stress, the dimension was increased by
0.5-ft. Figure 7-7 shows the analyses of a 4-ft (dia.) x 12-ft cylindrical pier stem with Mix 5. For
Case 1, the size was increased by 0.5-ft while for Case 2 the size was decreased by 0.5-ft as
shown in Figure 7-8. Therefore, for Case 1 a 4-ft (dia.) x 12-ft cylindrical pier stem was
considered non-mass while a 3.5-ft (dia.) x 10.5-ft was considered non-mass for Case 2. A
similar procedure was carried out for the square and rectangular geometries as shown in Figure
7-9 - Figure 7-10.

(a)

(b)

Figure 7-7: Analyses of 4-ft (dia.) x 12-ft cylindrical pier stem with Mix 5: (a) Case 1 and (b)
Case 2
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(a)

(b)

Figure 7-8: Cylindrical pier stem with Mix 5: (a) 4.5-ft (dia.) x 13.5-ft and (b) 3.5-ft (dia.) x
10.5-ft

(a)

(b)

Figure 7-9: Analyses of 3-ft x 3-ft x 9-ft square pier stem with Mix 5: (a) Case 1 and (b) Case 2

(a)

(b)

Figure 7-10: Square pier stem with Mix 5: (a) 3.5-ft x 3.5-ft x 10.5-ft and (b) 2.5-ft x 2.5-ft x
7.5-ft
Based on these results a mass definition table was completed for the OPC mix design
(Mix 5) without insulation. The same procedure was completed for all the other mix designs. The
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maximum size decreased significantly due to the colder ambient temperatures. Although the
tensile stresses are relatively low, the tensile strength development is very slow because of the
low ambient temperature causing a higher probability of thermal cracking. For the rectangular
and square pier stems, the maximum dimensions of the 50% slag mix designs were smaller than
the Class B mix design (w/c = 0.49). These sizes are substantially less than the summer case
because of the low tensile strength caused by the low ambient temperature. Therefore, it is
recommended that Mix 1 and Mix 2, which contain GGBFS, be used only when the minimum
ambient temperature and average daily ambient temperature are above 60 °F and 75 °F,
respectively. During the wintertime, the 50% GGBFS Class M mix design should not be used
without an insulation formwork.
Similar to the non-insulated case, the two cases were analyzed for pier stems with an R =
5 insulation layer. The R = 5 insulation was included in the FEM with a 1-in foam layer. The
contact between the steel formwork and foam layer was assumed to be a perfect, “tied”
condition. Besides the early-age tensile stress, the stress due to thermal gradients caused by the
removal of the insulated formwork was considered. In the construction of the insulated mass
definition table, the formwork removal time was set to 10-days. Since Case 2 was the worst-case
scenario; the mass definition table was constructed using the maximum sizes of Case 2. Figure
7-11 is an example of the pier stems for Mix 4 analyzed in increments of 0.5-ft until the stresses
caused by the thermal gradients exceeded 80% of the tensile strength. From the figures, the
tensile stresses caused by the removal of the insulation are significantly larger than the early-age
stresses, however, the concrete had also reached high tensile strength after ten days when curing
under insulation.

(a)

(b)

Figure 7-11: Stress analysis of rectangular pier stem with Mix 4 (R = 5): (a) 3.5-ft x 10.5-ft x
10.5-ft, (b) 4-ft x 12-ft x 12-ft
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7.5 Mass Definition Table
7.5.1 Non-Insulated Mass Definition Table
By replacing the Portland cement and reducing the total amount of cementitious content
in the Class M concrete, the maximum size of each pier stem was increased compared to the
OPC mix design. The decrease in the heat of hydration and large tensile creep led to a reduction
in the maximum tensile stress. Table 7-1 and Table 7-2 show the maximum dimension in
summer conditions (Case 1) for Mix 1 (Class M with 50% slag replacement) and Mix 3 (Class M
with 30% fly ash replacement) which have the same water-cementitious ratio (w/cm = 0.42)
Note, the lowest daily ambient temperature considered in the summer case was 60 °F and the
concrete placement temperature was 75 °F.
Table 7-1: Mass concrete definition table for Case 1 (Mix 1: 50% GGBFS, w/cm = 0.42)

Table 7-2: Mass concrete definition table for Case 1 (Mix 3: 30% Class F fly ash, w/cm = 0.42)

From the experimentally measured thermal and mechanical properties Mix 2, Mix 4, and
Mix 5 have lower early-age strength because of the higher water-cementitious ratio. The lower
tensile strength caused the mass definition table to become smaller. Furthermore, it was found
that the Class M mix designs behave poorly in winter weather (Case 2) because of their slow
strength development and provide no benefit over the OPC mix design. Note, the Mix 2 mass
definition table was built using the material properties from an in-lab experiment which
exhibited a lower tensile strength. It was theorized that the concrete delivered by the local
concrete supplier for the cubes’ batch contained an overdosage of cement and it caused an
increase in the early-age strength. Therefore, the constructed mass concrete definition table for
the Class M mix designs are only applicable for summer weather (Case 1). The mass concrete
definition tables are shown in Table 7-1 to Table 7-7.
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Table 7-3: Mass concrete definition table for Case 1 (Mix 2: 50% GGBFS, w/cm = 0.49)
Cross-Section
Circular
Square
Rectangular

0.5-ft

1-ft

1.5-ft

2-ft

2.5-ft

3-ft

3.5-ft

4-ft

4.5-ft

5-ft

5.5-ft

For Mix 4, a similar set of tables were constructed, Table 7-4 and Table 7-5. Unlike Mix
2, the different tables are constructed due to differences in the water-cementitious ratio. For the
In-Lab and Cube 2 casting, the water-cementitious ratio is closer to 0.46 while for the Trial and
Cube 1 it approaches 0.51. Therefore, two sets of mass definition tables were constructed for
each water-cementitious ratio. As expected, the material properties with the higher watercementitious ratio controlled the dimensions of the mass concrete definition table.
Table 7-4: Mass concrete definition table for Case 1using In-Lab/Cube 2 material properties
(Mix 4: 30% Class F fly ash, w/cm = 0.46)

Table 7-5: Mass concrete definition table for Case 1using Trial/Cube 1 material properties (Mix
4: 30% Class F fly ash, w/cm = 0.51)

Based on the stress analysis a mass definition table was completed for the OPC mix
design without insulation. Since the Class B mix design, Mix 5 (w/c = 0.49), is available to
engineers and contractors throughout the year, two tables were constructed, Table 7-6 and Table
7-7. The tables are for Case 1 and Case 2. Since Case 2 is the “worst-case” scenario, it is valid
throughout the year and it can be used as the only mass definition table for OPC mixes without
insulation.
Table 7-6: Mass concrete definition table for Case 1 - Summer (Mix 5: OPC, w/cm = 0.51)
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Table 7-7: Mass concrete definition table for Case 2 - Winter (Mix 5: OPC, w/cm = 0.51)

7.5.2 Insulated Mass Definition Table
The mass definition table for the insulation case is shown in Table 7-8 to Table 7-10.
Note the insulated formwork must not be removed for at least 10-days. Since Case 2 is the
“worst-case” scenario, its ambient conditions were assumed in the construction of the insulated
mass concrete definition table. Since the table was based on the lowest daily ambient
temperature (LDAT) of 30 °F it should be valid for any ambient temperatures exceeding the
assumed LDAT. As shown in Table 7-8, the maximum size of the cylindrical pier stem with
Mix 2 was increased by 3.5-ft (from 4.5-ft with no insulation to 8-ft with R = 5 insulation) while
the square pier stem increased by 2.5-ft and the rectangular pier stem increased by 2-ft.
Furthermore, for Mix 4 (30% fly ash), the maximum dimension is the same as Mix 2 (50% slag)
for the circular and square cross-sections. However, for the rectangular cross-section, Mix 4 is
0.5-ft smaller, Table 7-9.
Table 7-8: Mass definition table with R=5 insulation for Mix 2 (Class M, Mix 2: 50% GGBFS,
w/cm = 0.49)

Table 7-9: Mass definition table with R=5 insulation for Mix 4 (Class M, Mix 4: 30% Class F
fly ash, w/cm = 0.51)

The insulated mass definition table for Mix 5 with an R = 5 insulation is shown in Table
7-10. As shown in the table the maximum size of the cylindrical, square, and rectangular pier
stem was increased by 2.5-ft, 2.0-ft, and 1.5-ft, respectively, compared with the maximum size
for Mix 5 Case 2 with no insulation.
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Table 7-10: Mass definition table with R=5 insulation for Mix 5 (Mix 5: Class B, w/cm = 0.51)

7.6 Conclusion
In this chapter, the mass definition tables for pier stem using five mix designs were
constructed. The material properties of the mix designs presented in earlier chapters were used in
the analysis. The tensile stress was estimated for three different pier stem geometries in
increments of 0.5-ft and compared to 80% of the concrete’s tensile strength. Two separate cases
were analyzed (summer and winter). If the tensile stress exceeded 80% of the tensile strength,
the concrete element was labeled as mass concrete (red). Pier stems with circular, square, or
rectangular cross-sections were analyzed, and results show that the circular section is the best
choice while the rectangular section is the worst. Furthermore, a layer of insulation (with R = 5)
was used to increase the “green” area of the mass definition table. Results show that with the
insulation, the minimum dimension of mass concrete can reach 8-ft for a circular pier stem using
the Class M mix design. The tables provided in this chapter allow engineers to quickly determine
if a concrete member should be treated as mass concrete.
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Chapter 8 Best Management Practice

8.1 Introduction
The risk of early-age cracking can be alleviated by lessening the temperature gradients
inside the concrete structure. This can be accomplished by reducing the amount of cement in the
mix design, reducing the placement temperature, adding supplementary cementitious material, or
using insulation blankets. According to Gajda and Vangeem, a 0.56 °C (1.0 °F) reduction in
placement temperature can typically reduce the maximum in-place temperature by 0.56 °C (1.0
°F). ACI 207 states that insulation of R = 4.0 is sufficient to maintain an acceptable temperature
gradient during winter months in moderate climates. Tia et al. (2010) concluded that polystyrene
foam can effectively reduce the maximum temperature difference [96]. Multiple finite element
analyses were conducted for insulation of R = 2.3 per inch. It was found that the insulation of 3in (R = 6.9) can reduce the temperature differential by approximately 18 °F. Do et al. studied the
effect of insulation on the temperature gradients and cracking probability of footers using TNO
DIANA [88].
In this chapter, methods to alleviate the risk of thermal cracking were investigated using a
finite-element (FE) model. These methods include common mass concrete practices such as
controlling the placement temperature, adding insulation material, and placement time. The
cracking risk was evaluated for a 5-ft x 15-ft (diameter x length) circular concrete pier stem,
which is commonly treated as a mass concrete member, using an ordinary Portland cement mix
design, and the recommendation was drawn from the results. Furthermore, formwork removal
times were proposed for the OPC and Class M mix designs.
8.2 Finite-Element Model
The concrete pier stem finite element model consisted of three parts: a concrete pier stem,
steel formwork, and insulation. The concrete pier stem, steel formwork, and insulation were
modeled in the thermal analysis using 8-node linear heat transfer brick elements (DC3D8) with a
mesh size of 2-in for concrete. The thickness of the steel form and insulation were 0.25-in and 1in. The initial temperature of the steel formwork and insulation was equal to the ambient
temperature at the time of concrete placement. The concrete pier stem and steel formwork
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transferred heat through thermal conductance. For cases with insulation, a perfect bond was
assumed between the steel formwork and insulation using the “tied” condition in ABAQUS. The
outer surface of the formwork, or the surface of the insulation, lost heat through convection
where the ambient temperature served as the heat sink. A convection film coefficient of 1.4
BTU/ (hr ft2 °F) (free convection) was used for the surface convection heat transfer. A sinusoidal
ambient temperature was assumed for the thermal analysis. For Case 1, the maximum and
minimum temperatures were 60 °F and 90 °F and occurred at 3:00 PM and 6:00 AM,
respectively.
For the stress analysis, only the concrete pier stem was included in the finite-element
model. The pier stem had 2-in 8-node linear brick with reduced integration and hourglass control
(C3D8R) elements. The Poisson’s ratio was assumed to be 0.2 and remained constant throughout
the analysis. A 0.25-hour time step was used in the thermal and stress analysis. After completing
the thermal analysis, the temperature-time history was imported into the stress analysis as the
thermal loading. Lin and Chen [113] reported the thermal and mechanical properties of the OPC
mix design, Table 8-1. A summary of the properties used in the FEM is shown in Table 8-2 and
Figure 8-4. The strength and elastic modulus development were found to be functions of the
degree of hydration, α.
Table 8-1: OPC mix design
Material
Cement
Water
#57 Limestone Aggregate
Fine Aggregate
w/c

Quantity
(lb/yd3)
565
234
1633
1423
0.42

Table 8-2: Summary of thermal properties
Thermal
Properties

𝐁𝐓𝐔
𝛂𝐮
𝛕
𝛃
𝐰/𝐜𝐦
)
𝐡𝐫 𝐟𝐭 °
1.08
0.703 14.0 0.94 0.42

𝐖𝐜𝐞𝐦 (𝐥𝐛/𝐲𝐝𝟑 ) 𝐇𝐮 (𝐉/𝐤𝐠) 𝐄𝐚 (𝐉/𝐦𝐨𝐥) 𝐊 𝐮 (
565

498,970

41,841
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Table 8-3: Summary of mechanical properties
Mechanical

𝐟𝐜′ (MPa)

Properties

45.53α-1.71

𝐄𝐜 (𝐌𝐏𝐚)
5407fc′

0.492

𝐪𝟏 (

𝟏
)
𝐌𝐏𝐚

𝐪𝟐 (

0.3

𝟏
)
𝐌𝐏𝐚

𝐪𝟑 (

24.0

𝟏
)
𝐌𝐏𝐚

𝐪𝟒 (

65.0

𝟏
)
𝐌𝐏𝐚

0.5

𝐪𝟓 (𝐃𝐚𝐲)
0.2

8.3 Placement Temperature
The initial temperature of a concrete mix can reach elevated temperatures during hot
weather. Since 2.2 lb (1-kg) of water absorbs 4182 J when its temperature is raised by 1.8°F
(1°C), chilled water is a simple and effective way to reduce the initial temperature. Using ice as
batch water is also an option, 2.2 lb (1-kg) of ice absorbs 334-kJ when it changes from ice to
water. The maximum internal temperature should not exceed 158 °F (70 °C) to prevent delayed
ettringite formation. However, delayed ettringite formation is not the only problem caused by an
elevated initial temperature. A higher initial temperature will lead to a greater temperature
differential. Besides, a higher placement temperature leads to a much faster heat development
since the concrete is maturing at a faster rate. Calculations were carried out to determine the
effects of adding ice, chilled water, or reducing the aggregate temperature. The OPC mix
produced with the initial temperatures shown in Table 8-4 would theoretically make a concrete
mix with an initial temperature of 92.2 °F (33.4 °C) which is above the typical 89 °F (32 °C)
limit accepted to produce delayed ettringite formation.
Table 8-4: Concrete temperature with different assumptions
Cooler Mix

Water
Temperature (°F)

Cement
(°F)

Fine Aggregate
Temperature
(°F)

Large Aggregate
Temperature
(°F)

Final
Temperature
(°F)

Concrete Mix

75.2

80.6

100

100

92.1

Adding 20% of
Water as Ice

75.2

80.6

100

100

79.9

Cooler Aggregates

75.2

80.6

80.6

80.6

78.8

Using Chilled Water

50

80.6

90

90

79.2

By adding twenty percent of the water as ice it is possible to reduce the concrete
temperature to 79.9 °F (26.6 °C) well below the maximum placement temperature. A minimum
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of five percent of water replacement with ice is needed to be below the limit. This can also be
achieved by chilling the water used in the mix to 60 °F (15.6 °C). Perhaps the most effective way
of cooling a mix is by cooling the aggregate. By reducing initial temperatures of the large and
fine aggregate by just 5 °F (2.78 °C) the concrete placement temperature would be below 89 °F
(32 °C). The aggregate can be kept cool by storing it under shaded areas.
Multiple cases using different placement temperatures were performed using the FE
model for the 5-ft by 15-ft cylindrical pier stem. The initial temperature was increased from 60
°F to 90 °F (15.5 °C to 32 °C) in intervals of 5 °F (2.78 °C). The placement time occurred at
10:00 AM for all the cases. The center temperature for each placement temperature is shown in
Figure 8-1. As expected, the increase in the placement temperature increases the maximum
temperature and it occurs earlier. The temperature difference between the center and the side
surface was also determined. As seen in Figure 8-3, a higher initial temperature increases the
temperature differential and therefore it is more likely to experience thermal cracking. The
maximum temperature difference increases nonlinearly with the placement temperature, Figure
8-4.

Figure 8-1: Center temperature of 5-ft x 15-ft cylindrical pier stem
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Figure 8-2: Side center temperature of 5-ft x 15-ft cylindrical pier stem

Figure 8-3: Effect of placement temperature on the temperature difference
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Figure 8-4: Relationship between maximum temperature difference and placement temperature
8.4 Placement Time
The concrete’s placement time can influence the temperature differential and tensile
stresses experienced by concrete structures. The temperature and stress analysis were completed
with placement times starting at 10:00 AM to 8:00 AM of the next day in a 2-hour interval. The
concrete placement temperature was assumed to be equal to the ambient temperature. An
example of the center and side temperatures are shown in Figure 8-5 and the temperature
differentials are shown in Figure 8-6. The center temperature was mostly affected by the higher
initial temperature caused by casting later in the afternoon. However, the side temperature was
influenced greatly by the placement time. Placement times in the afternoon cause the side surface
to reach a minimum much faster and therefore shift the maximum temperature difference to
occur earlier while the concrete is weaker. The worst placement time of 2:00 PM produced the
largest temperature difference, Figure 8-7. Based on the temperature analysis, the most efficient
placement time would be between 4:00 AM – 8:00 AM, with the best placement time of 6:00
AM that produced the lowest temperature difference during the first night after casting and the
maximum temperature difference shifted to the second night (after 48 hours) which is very
advantageous. The analysis shows the maximum temperature difference and the time at which it
happens to minimize the risk of thermal cracks.
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(a)

(b)
Figure 8-5: Effect of placemen time: (a) Center and (b) Side surface

Figure 8-6: Temperature difference for different placement times
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Figure 8-7: Maximum early-age temperature difference at different placement times

8.5 Insulation
The addition of insulation on a mass concrete form can greatly reduce the risk of earlyage thermal cracking because the thermal gradients would be lessened. However, the rapid and
early removal of insulation can cause a large temperature gradient on the surface of the concrete
element. The thermal gradients can lead to a higher probability of thermal cracking but can be
avoided if proper precautions are taken. For example, many state agencies’ mass concrete
specifications specify a difference between the internal and ambient temperature to be below a
certain range or require the surface of the concrete to reach a specific strength before stripping
forms. The Rhode Island Department of Transportation temperature control requirements
includes the description of when formworks could be removed. It states that forms shall remain
in place until the estimated strength of the concrete surface exceeds 2,500 psi and until the
differential between the mean center temperature and ambient temperature is less than 30 ºF.
The Iowa DOT has a similar requirement regarding the temperature differential and the average
ambient air temperature. The Iowa specifications require the temperature control plan to be in
place until the difference between the internal temperature and the average ambient air
temperature is less than 50 °F (Shaw 2012). In a case study completed by Bobko et al, it was
recommended that the concrete should remain protected until the internal concrete temperature
and the average daily ambient temperature differential is below 35 °F but not less than 7-days
based on the multiple finite element models and field experiments [92]. The researcher also
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concluded that the forms should not be stripped until the surface concrete strength reached 80%
of its design strength.
The temperature analysis was completed for the cylindrical pier stem with R-values
ranging from R = 0 to R = 20. The R-value of the insulation was adjusted by modifying the
thermal conductivity of the 1-in insulation layer. The initial temperature of the pier stem was 80
°F with a placement time of 10:00 AM. Using a standard feature in ABAQUS, the insulation was
removed after 5-days. Figure 8-8 shows the center and the side surface of the pier stem. The
center temperature losses less heat as the R-value increases. For specifications that require a
certain temperature difference between the internal temperature and ambient temperature, it
would mean a much longer period before forms could be removed. The side surface temperature
also increases significantly which causes the early-age temperature difference to decrease,
Figure 8-9. As shown in Figure 8-10, the early-age temperature difference decreases however
the later-age temperature difference increases with higher insulation. Both temperature
differences should be considered when selecting appropriate insulation. For an insulation
removal time of 10:00 AM, the peak stress after removing the insulation occurs at 6:00 AM the
following day. Noted at this time, the concrete’s tensile strength has reached a constant value
because of the high-temperature curing. However, as shown in the figure, the temperature
difference increases with the R-value. The reduction in the thermal gradients leads to a lower
cracking risk before the removal of the insulation layer. The temperature difference from the
insulation removal can exceed the early-age temperature difference without insulation.
Therefore, although higher R-value insulation is beneficial to reduce the early-age cracking risk,
precautions should be taken to limit the thermal gradients on the concrete surface during the
insulated formwork removal.

(a)
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(b)
Figure 8-8: Effect of insulation with different R-value: (a) Center and (b) Side surface

Figure 8-9: Temperature difference for R-values

(a)

(b)

Figure 8-10: Temperature difference: (a) Early-age and (b) Later-age
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8.6 Best Insulation Removal Time
The best time to remove the insulation was investigated using the finite-element model.
The insulation (with an R = 5 insulation layer) was removed 5-days after casting at different
times throughout the day. From the thermal analysis, the center and side temperature vary very
little before the insulation removal, Figure 8-11. The temperature difference between the center
and the side center with a 2-in cover is shown in Figure 8-12. Once the insulation was removed,
the ambient effect is evident and the maximum temperature difference changes depending on the
insulation removal time of day, Figure 8-13. The time of the maximum temperature difference
also shifts. Since the stresses during the formwork removal are caused by the thermal gradients,
both the maximum temperature difference and the time to reach the maximum temperature
difference should be monitored. Currently, the finite-element model can estimate the tensile
stresses caused by the thermal gradients from the insulation removal. However, the instantaneous
stresses from the rapid cooldown of the concrete surface, known as “thermal shock”, are more
difficult to predict since the stresses are local and time-dependent. From Figure 8-12, the
temperature-time history shows that the “thermal shock” is less severe for 2:00 PM and 6:00 PM
insulation removal times since they show the lowest temperature-time derivatives (slope of the
temperature increase). Thus, the insulation should be removed at the warmest time of the day to
reduce the instantaneous “thermal shock”.

(a)

(b)

Figure 8-11: Insulation removal time: (a) Center and (b) Side Center
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Figure 8-12: Temperature difference for different insulation removal time

Figure 8-13: Maximum temperature difference caused by the removal of insulation
8.7 Early Formwork Removal at Various Ambient Temperatures
In the construction of the mass definition table for the insulated concrete elements, the
insulation was assumed to be removed at 10-days at 2:00 PM with a 60 °F – 30 °F ambient
temperature. However, in warmer weather and for sizes smaller than the maximum-minimum
dimension, the insulation can be removed at earlier than 10-days. The temperature and stress
analysis at different ambient temperatures was completed for Mix 5. The insulation was removed
at different ages and safe formwork removal times were tabulated in tables. Figure 8-14, Figure
8-15, and Figure 8-16 show the limiting cases for the 4-ft, 5-ft and 6-ft pier stems using Mix 5.
From the figures, a longer formwork removal time is needed as the minimum size of the pier
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stem increases and as the ambient temperature decreases. Table 8-5 shows the tabulated
formwork removal times for each cylindrical pier stem and ambient temperature. In the insulated
mass definition table for the Mix 5 concrete, the maximum size was 6-ft. It was based on a
formwork removal time of 10-days at 2:00 PM and a 30 °F – 60 °F ambient. The initial
temperatures for the first three ambient conditions were 75 °F. For the last ambient temperature,
the initial temperature was 62 °F. Therefore, as shown in Table 8-5, the 6-ft cylindrical pier
stem’s formwork must be removed at 11-days if the ambient temperature varies from 30°F – 60
°F because of the increase in tensile stress when the formwork is removed at 10:00 PM.
Table 8-5: Minimum formwork removal times for cylindrical pier stem at different ambient
temperatures (Mix 5) with R5 insulation formwork removal at 10:00 PM
Minimum Dimension
4-ft
5-ft
6-ft

Ambient Temperature Range
60 °F – 90 °F 50 °F – 80 °F 40 °F – 70 °F 30 °F – 60 °F
3-Days
4-Days
5-Days
5-Days
6-Days
7-Days
7-Days
8-Days
11-Days
8-Days
10-Days
10-Days

Figure 8-14: 4-ft Cylindrical pier stem with Mix 5
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Figure 8-15: 5-ft Cylindrical pier stem with Mix 5

Figure 8-16: 6-ft Cylindrical pier stem: Class B mix design with Mix 5
Table 8-6: Minimum formwork removal times for square pier stem at different ambient
temperatures (Mix 5) with R5 insulation formwork removal at 10:00 PM
Minimum Dimension
2.5-ft
3.5-ft
4.5-ft

Ambient Temperature Range
60 °F – 90 °F 50 °F – 80 °F 40 °F – 70 °F 30 °F – 60 °F
2-Days
3-Days
3-Days
3-Days
5-Days
6-Days
6-Days
6-Days
8-Days
9-Days
9-Days
10-Days

A similar analysis was completed for the square and rectangular pier stems. The pier
stems were analyzed in increments of 1.0-ft. The limiting cases for each pier stem are shown in
Figure 8-17- Figure 8-22. The formwork removal times are tabulated in Table 8-6 and Table
8-7. The minimum removal time regardless of the tensile stress level was 3-days. For the square
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and rectangular pier stems, the minimum dimension influences the formwork removal time more
than the change in the ambient temperature.
Table 8-7: Minimum formwork removal times for rectangular pier stem at different ambient
temperatures (Mix 5) with R5 insulation formwork removal at 10:00 PM
Minimum Dimension
1-ft
2-ft
3-ft

Ambient Temperature Range
60 °F – 90 °F 50 °F – 80 °F 40 °F – 70 °F 30 °F – 60 °F
3-Days
3-Days
3-Days
3-Days
4-Days
4-Days
4-Days
5-Days
7-Days
8-Days
8-Days
9-Days

Figure 8-17: 2.5-ft Square pier stem with Mix 5

Figure 8-18: 3.5-ft Square pier stem with Mix 5
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Figure 8-19: 4.5-ft Square pier stem with Mix 5

Figure 8-20: 1-ft Rectangular pier stem with Mix 5

Figure 8-21: 2-ft Rectangular pier stem with Mix 5
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Figure 8-22: 3-ft Rectangular pier stem with Mix 5
The formwork removal time can be tabulated for all the pier stem geometry/sizes and
multiple ambient temperatures if necessary. However, a better approach would be to use the
measured concrete surface temperature to decide insulation removal times. For example, if the
initial temperature of the concrete during summer conditions is lower, the formwork may be
removed earlier than the tabulated values. The maximum allowable temperature difference
between the concrete surface and the lowest daily ambient temperature was investigated based
on the finite element results. The maximum cracking index, which is the ratio between the
maximum tensile stress and 80% of the strength, was calculated for each case. Cracking Index =
maximum tensile stress / 80% tensile strength. Note that a cracking index exceeding 1.0 means
that there is a high probability of thermal cracking at the surface of the concrete. The temperature
difference at the time of formwork removal was plotted against the maximum cracking index for
each pier stem geometry and size (Figure 8-23, Figure 8-24, and Figure 8-25). Each data point
represents a different formwork removal time (i.e. 6-days, 7-days, 8-days, etc.) at the four
different ambient conditions. The data points with a cracking index exceeding 1 correspond to
cases where the insulation was removed too early. As the removal time is increased, both the
temperature difference and cracking index decrease. A linear relationship can be observed. Since
the maturity of the pier stem at the time of formwork removal is similar for all the cases, the
tensile creep, static modulus, and tensile strength are nearly identical. Therefore, it is reasonable
that the stress magnitude is closely related to the temperature difference of the pier stem.
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Figure 8-23: Cracking index versus temperature difference between the concrete surface and the
lowest daily ambient temperature for the cylindrical pier stem (Mix 5)

Figure 8-24: Cracking index versus temperature difference between the concrete surface and the
lowest daily ambient for the square pier stem (Mix 5)
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Figure 8-25: Cracking index versus temperature difference between the concrete surface and the
lowest daily ambient for the rectangular pier stem (Mix 5)
For the cylindrical pier stem, from the best-fit line, the maximum temperature difference
depends on the dimensions of the pier stem. To encompass all the sizes, the maximum
temperature difference between the concrete surface and the lowest daily ambient temperature
cannot be larger than 62.95 °F. This temperature difference was calculated from the best-fit line
for the 6-ft cylindrical pier stem. The maximum temperature differences for the square and
rectangular pier stem are 54.50 °F and 53.05 °F, which are 8.45 °F and 9.90 °F less than the
cylindrical pier stem respectively. For the square and rectangular pier stems, the critical concrete
surface temperatures were taken at the center of the edges since it corresponds to the location of
the maximum tensile stress.
8.8 Summary of Best Management Practices
From the finite-element models, the following practices are recommended to reduce the
risk of early-age cracking. Note, these practices are only preliminary recommendations. Current
WVDOT and ACI specifications for concrete formwork removal, curing, and cold weather
concreting should be strictly followed.
1. The concrete quality should be strictly controlled (i.e. water-cementitious ratio,
cementitious content, air content).
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2. The maximum placement temperature for mass concrete elements should be limited to 72
°F in the summer and should be limited to 60°F in the winter. Lower placement
temperatures reduce the temperature gradients and reduce the risk of thermal cracking.
3. Casting in the early morning between 4:00 AM - 8:00 AM minimize the temperature
differentials and shift the peak stress to occur the following day when the concrete is
stronger.
4. Cooling of the concrete surface during the first 48-hrs should be avoided. This includes
not spreading any water on the concrete surface and covering concrete surface with
plastic sheets right after casting to minimize surface water evaporation and for wind and
rain protection.
5. Steel forms (non-insulated) should remain in place for at least 5-days.
6. Insulation is an effective method to reduce the early-age temperature gradients. In winter
weather, insulation should be required for all mass concrete structures. The insulated
formwork (R=5) should stay in place for at least 10-days unless concrete temperature is
measured.
7. Insulation removals during the warmest times of the day (12:00 PM – 4:00 PM) to reduce
the thermal shock.
8. Early insulation removal of insulated formwork may take place if temperature difference
between the concrete surface temperature and the lowest daily ambient temperature is
less than 53 °F but not less than 3-days, monitored by temperature loggers embedded in
concrete.
9. After formwork removal, plastic sheets should be placed on the concrete surface to
prevent water evaporation and drying shrinkage until WVDOT approved sealant/curing
compound can be applied on the concrete surface.
8.9 Conclusion
This chapter presents practices to reduce the risk of thermal cracking. The early-age
temperature difference, which generates the early-age stresses, can be reduced by lowering the
placement temperature, controlling the casting time, and using insulation. The initial temperature
can be reduced by using chilled water, ice or cooling the fine and large aggregate. Based on the
thermal analysis, it was found that an early morning casting and afternoon insulation removal
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reduce the temperature difference. Furthermore, increasing the insulation layer drastically
decreases the early-age temperature difference. However, the insulation layer must be removed
later (for example, 10-days) to ensure that the thermal gradients will not be significant. Early
insulation removal of insulated formwork may take place if the temperature difference between
the concrete surface and the lowest daily ambient temperature is less than 53 °F but not less than
3-days, monitored using a temperature sensor embedded near the concrete surface. The finiteelement model developed during this study can be used to estimate the tensile stresses due to
different conditions.
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Chapter 9 Sensitivity Analysis of Thermal and Stress Analysis
9.1 Introduction
The temperature and stress analysis depends on the material properties of the concrete
mix design, steel reinforcement, and finite-element mesh size and time step. This chapter aims to
isolate the effect of each parameter and give appropriate recommendations. The sensitivity of the
thermal and stress analysis to the different material properties was completed using the
environmental conditions from Mix 1: Cube 3. The material properties found in Leon and Chen
(2021) were used in the analysis [129]. A similar approach was taken to confirm the mesh and
time step convergence. Furthermore, a simplified finite-element model was used to quantify the
effect of steel reinforcement.
9.2 Temperature Sensitivity
The thermal analysis depends greatly on the thermal properties of the mix. The purpose
of the sensitivity analysis is to give an insight into which material properties should be measured
with the delivered concrete. As a case study, the sensitivity of the maximum temperature and
temperature difference to the different material properties was investigated. For the sensitivity
study, the ambient conditions for Batch 3 were used as an example. The thermal conductivity,
adiabatic temperature rise, and activation energy were each adjusted by ±10%. Since these
material properties were determined from samples taken from casting, it is reasonable that the
mix might have slightly different properties. The difference in the properties might be due to the
variation in water-cementitious ratio, the chemical composition of the cementitious materials, air
content, or batching properties since the concrete was delivered by ready-mix trucks from the
concrete supplier.
As shown in Figure 9-2, the variation of adiabatic temperature rise affects the maximum
temperature and the temperature differential the largest. The thermal conductivity shifts the
maximum temperature and increases/decreases the maximum temperature rise and temperature
difference but has very little effect on the surface temperature. The effect of each thermal
property is tabulated in Table 9-1. Due to +10% variation in either thermal conductivity or
activation energy, the maximum temperature and the maximum temperature difference would
vary about +1.9% and +3.8%, respectively. A +10% variation in ATR would cause about +6.6%
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deviation in the predicted maximum temperature and about +9.2% deviation in the maximum
temperature difference. It is recommended that the adiabatic temperature rise be measured using
the delivered concrete on-site at each casting [130] to increase the accuracy of the prediction
while the thermal conductivity and activation energy can be measured beforehand.
Table 9-1. Thermal analysis sensitivity

Thermal Property
Thermal conductivity
(±10%)
Activation energy
(±10%)
ATR (±10%)

Maximum
Temperature
(°C)

Time of Maximum
Temperature (hr)

Maximum
Temperature
Difference (°C)

Time of Maximum
Temperature
Difference (hr)

44.4±0.85

19.75±1.0

18.41±0.70

20.0±0.25

44.4±0.85

19.75±0.0

18.41±0.65

20.0±0.00

44.4±2.95

19.75±0.25

18.41±1.69

20.0 ±0.00

(a)

(b)

(c)

(d)

158

(e)

(f)

Figure 9-1. Temperature analysis sensitivity due to measured thermal properties: (a) Thermal
conductivity (Temperature) (b) Thermal conductivity (Temperature difference), (c) Activation
Energy (Temperature), (d) Activation Energy (Temperature difference), (e) ATR (Temperature)
and (f) ATR (Temperature difference)
9.3 Stress Sensitivity
The stress analysis depends greatly on the mechanical properties of the mix. The purpose
of the sensitivity analysis is to give an insight into which material properties should be measured
with the actual delivered concrete. As a case study, the sensitivity of the maximum tensile stress
to the different material properties was investigated. The ambient conditions for Mix 1: Cube 3
were used for the sensitivity study. Besides the temperature gradients, the magnitude of the
tensile stresses depends on the thermal expansion coefficient, creep, elastic modulus, and
Poisson’s ratio. These mechanical properties were varied by ±10.0% and the maximum tensile
stresses were compared in Figure 9-2. Note, for simplification the thermal expansion coefficient
was assumed to remain constant. The results of the sensitivity analysis can be found in Table
9-2. The maximum tensile stresses occur at the edges of the concrete cube. The thermal
expansion coefficient and the creep greatly influence the maximum early-age tensile stresses,
±11.48%, and ±9.09%, respectively. The elastic modulus influenced the early-age tensile stresses
by ±3.73%. Noted, without considering the creep effect the stresses would be overly estimated.
Furthermore, the creep effect decreases, and the influence of the elastic modulus increases over
time. At a later age (52-hr), the maximum stress varies by ±9.71% and ±13.09% due to the
influence of the thermal expansion coefficient and elastic modulus, respectively. Variation of
Poisson’s ratio has a negligible effect on the maximum stresses and can be assumed to be
constant throughout the analysis. From the stress sensitivity analysis, the creep behavior and
thermal expansion coefficient show a larger influence on the estimated early-age maximum
tensile stresses and should be experimentally measured as accurately as possible for each
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concrete mix. However, if the stresses at a later age are of concern, such as stresses caused by
early formwork removal, accurate estimation of the concrete’s elastic modulus development
shows higher importance.

(a)

(b)

(c)

(d)

Figure 9-2. Stress analysis sensitivity to measured mechanical properties: (a) Thermal expansion
coefficient (b) Creep (c) Elastic modulus, and (d) Poisson’s ratio

Table 9-2. Stress analysis sensitivity for early-age stresses (at 24-hrs)
Mechanical
Property
Max Tensile
Stress (MPa)

Thermal Expansion
Coefficient (±10%)

Tensile Creep
(±10%)

Elastic Modulus
(±10%)

Poisson’s Ratio
(±10%)

0.684±0.0785

0.684±0.0622

0.684±0.0255

0.684±0.0.0002
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9.4 Influence of Steel Reinforcement
Steel reinforcement has a much higher thermal conductivity than concrete and its
inclusion in mass concrete elements, which are often heavily reinforced, may affect the
temperature distribution. Furthermore, steel reinforcement typically has a clear cover of 2-in.
Mass concrete elements usually have a tension zone of 3-in thus the steel reinforcement may
provide resistance to the thermal cracks on the concrete surface. As a case study, steel
reinforcement was embedded in a 3-ft x 3-ft x 9-ft square pier stem. Thirty-two #11 rebars were
embedded in the concrete pier stem with a 2-in cover in the longitudinal direction. The
longitudinal direction was chosen because it is the maximum tensile stresses direction. The rebar
reinforcement corresponds to a reinforcement ratio of 3.85% which is less than the maximum
reinforcement ratio of 8%. The material properties from Mix 5 were used in the thermal analysis
of the pier cap. The steel reinforcement was included in the thermal analysis by “cutting” the
plain concrete with the geometry/location of the steel reinforcement. Then, the steel
reinforcement was “tied” to the concrete simulating a perfect bond. Thus, the temperature-time
history of the steel reinforcement and concrete can be imported into the stress analysis. Figure
9-3 shows the temperature distribution obtained from the finite-element model. The reinforced
concrete pier stem had more heat dissipation and thus the center temperature and temperature
difference decreased, Figure 9-9. The temperature difference decreased by 9.66%.

(a)

(b)

Figure 9-3: Temperature distribution of 3-ft x 3-ft x 9-ft pier stem at 22-hrs in oF: (a) Plain
concrete and (b) Reinforced concrete
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(a)

(b)

Figure 9-4: Temperature time history of 3-ft x 3-ft x 9-ft pier stem at 22-hrs: (a) Center and side
temperature and (b) Temperature difference
Then, the stress analysis was completed using the temperature analysis as the thermal
loading. For simplicity, the concrete properties (thermal expansion coefficient, elastic modulus)
were assumed to be constant and equal to Mix 5’s 28-day values. Furthermore, creep was
ignored in the analysis. The stress distribution is shown in Figure 9-5. The stress distribution is
similar at 22-hrs. The rebars near the edges are in tension while the other rebars are in
compression. Figure 9-6 shows a comparison of the tensile stresses at the concrete side surface
and side edge. The inclusion of the rebar decreased the stress by 10.17% at the edge location.
However, the stress reduction corresponds to the reduction in the temperature difference. Thus, it
is concluded that the rebar provides little reinforcement benefit at the concrete surface. As shown
in Figure 9-7, the rebar at the side center is already in a compression zone and does not provide
any resistance to the tensile forces at the concrete surface. Figure 9-8 shows the stress
distribution at 22-hrs.

(a)

(b)

Figure 9-5: Stress distribution of 3-ft x 3-ft x 9-ft pier stem at 22-hrs in psf: (a) Plain concrete
and (b) Reinforced concrete
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(a)

(b)

Figure 9-6: Stress time history of 3-ft x 3-ft x 9-ft pier stem at 22-hrs: (a) Side Center and (b)
Side Edge

Figure 9-7: Stress time history of typical steel reinforcement

Figure 9-8: Stress distribution at mid-height (at 22-hrs)
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9.5 Finite-Element Convergence Study
Studies of mesh size and time step convergence were completed prior to the finiteelement analysis shown in Chapter 7 and Chapter 8. kThe convergence study was completed in
two phases, thermal and stress analyses. As an example, the environmental conditions from Mix
1: Cube 1 were adopted. In the thermal analysis, the mesh size and time step were varied from
50-mm (2-inch) to 25-mm (1-inch) and 1-hr to 0.125-hr. Then, the predicted temperature was
compared at the side surface (5-cm) and center location. As shown in Figure 9-9, the
temperature-time history is more sensitive to the time step and not the mesh size. At a 0.25-hr
time step, the finite element has already converged. Thus, the 2-in (25-mm) mesh and 0.25-hr
used in the study were enough for the temperature analysis to converge. A similar conclusion
was drawn from the stress analysis convergence study. The stress at a mid-height edge node was
exported and compared in Figure 9-10. The mesh size has little effect on the stress prediction
and a time step of 0.25-hr was found to be enough for convergence. It should be noted the mesh
size and time step may vary depending on the geometry and material properties of the finite
element model.

(a)

(b)

Figure 9-9: Temperature analysis convergence study: (a) Center and (b) Side center
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Figure 9-10: Stress analysis convergence study
9.6 Thermal Shock
Thermal shock is caused by the rapid cooling of the concrete surface. The rapid cooling
leads to large tensile stresses occurring immediately. Since the stresses occur instantaneously, the
finite-element model presented in this study cannot capture its magnitude. However, by
decreasing the time step, the finite-element model can be used to simulate the thermal shock
behavior at the concrete surface. For simplification, a finite-element model was constructed with
constant material (Mix 5 – 28 Day) properties and ignoring viscoelastic effects. These properties
include the elastic modulus, thermal expansion coefficient and degree of hydration. Since
thermal shock typically occurs after removing insulation formwork it is reasonable to assume
that the concrete has matured. Likewise, the stresses develop quickly and therefore creep can be
ignored. A 3.5-ft x 10.5-ft x 10.5-ft rectangular pier stem was used in the finite-element model.
The thermal shock was simulated by giving the pier stem an initial temperature of 100 °F and
cooling the surface of the concrete in a constant ambient condition of 42 °F. These temperatures
may occur in cold weather castings when the formwork is removed too early. The time step was
decreased to 15-min, 7.5-min and 1-sec. Conclusion were then drawn from the temperature and
stress analysis. Note due to computational constraints, the 1-sec analysis was carried out for only
2-hours.

165

(a)

(b)

(c)

Figure 9-11: (a) Center Temperature, (b) Side Temperature of 3.5-ft x 10.5-ft x 10.5-ft
rectangular pier stem subjected to rapid surface cooling and (c) Zoomed in of side temperature
Figure 9-11 shows the temperature analysis results. For a surface cooling that occurs
over a period of 6-hours, a time step of 15-min is sufficient to capture the concrete’s surface
cooling at the end of 6-hours. However, for rapid cooling occurring with-in 2-hours, a smaller
time step is needed. As shown in Figure 9-11(c) the time step should be at less than 7.5-min. In
either case, a 1-hour time step is too large to capture the surface cooling. Rapid cooling can be
expected when the concrete surface is sprayed with cold water during moisture curing or early
removal of concrete forms. Thus, in the finite-element modeling completed in previous chapters,
the estimated stresses do not capture the stresses due to thermal cooling within the first 2-hours
because the time step was 0.25-hrs (15-min). Figure 9-12 shows the stress analysis of the pier
stem. Similar to the thermal analysis, a 1-sec time step is needed to capture the slope of the stress
increase at the concrete surface. Even at 6-hours, it can be expected that the stress predicted by a
time step of 15-min and 7.5-min will be lower than the 1-sec time step. Therefore, in order to
capture the effects of a thermal shock that happens within 6-hours, a time step of 1-sec is needed.
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(a)

(b)

Figure 9-12: Stress analysis of thermal shock (a) Side Edge location and (b) Zoom of first 2-hrs
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Chapter 10 Summary and Recommendations for Future Study
10.1 Summary
In this study, the mechanical and thermal properties of two thermally friendly “Class M”
mix designs with supplemental cementitious material were experimentally measured and used to
develop “mass definition tables”. The mechanical and thermal properties of the mixes were
measured during laboratory testing, and field casting was delivered to the West Virginia
University concrete laboratory by a local concrete supplier. These properties include heat of
hydration, adiabatic temperature rise, activation energy, thermal conductivity, static elastic
modulus, compressive and tensile strength, creep, and thermal expansion coefficient.
Finite element models were created using FORTRAN subroutines and ABAQUS to
predict the early-age stresses. In the thermal analysis, the non-uniform heat generation and
degree of hydration dependent thermal properties, such as the thermal conductivity and specific
heat, and the effect of supplemental cementitious material were incorporated. The predicted
temperature-time histories served as the temperature loading in the stress analysis. The elastic
modulus was modeled using the degree of hydration-dependent equations, and the early-age
viscoelastic model was developed for concrete tensile creep behavior using a step-by-step
incremental calculation. The finite element model was used to predict the temperature and stress
profiles of five 4-ft cubes and found to match well with the test results from embedded sensors.
Mass definition tables were developed for three different pier stem geometries with steel
formwork, no extra insulation, and a 30 °F daily ambient temperature drop (90 °F - 60 °F).
Circular, rectangular, and square pier-stem geometries were evaluated from 2-ft to 7-ft in 0.5-ft
increments. The concrete pier-stems were considered non-mass if the predicted tensile stresses
did not exceed 80% of the estimated tensile strength. The results were tabulated in “green/red”
tables. It was found that the reduction in total cement content and replacement with supplemental
cementitious material (using 50% GGBFS or 30% Class F fly ash) reduced the heat, and the
concrete’s high early-age viscoelastic tensile creep behavior lowered the early-age tensile
stresses.
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In a feasibility study, local concrete suppliers within West Virginia were selected to
produce and deliver 12-yd3 to 15-yd3 of Class M concrete. Three districts were selected by the
WVDOT where suppliers delivered their own Class M mix to test the concrete’s workability and
uniformity. On-site testing was conducted to determine its in-situ properties and the concrete’s
temperature and strength development were monitored. It was found that all the delivered
batches met the requirements for slump and air content, however, for two districts, D-10 and D5, the delivered w/cm ratio was significantly higher than expected. The higher w/cm ratio led to
low early-age strength which would violate the tensile strength used in the construction of the
Mix 1 and Mix 3 Class M “mass definition table”. To address this issue, new “mass definition
table” was constructed using a higher w/cm ratio in Mix 2 and Mix 4.
Mass definition tables were produced for the higher w/cm ratio mix designs.
Furthermore, a 1-in (R=5) insulation layer was added to increase the size of the non-mass
concrete elements. The material properties were experimentally measured and incorporated in
the finite-element model. The experimental test results show that the concrete’s compressive and
tensile strength dropped significantly due to a higher w/cm ratio while the heat generation
remained relatively constant. Two 4-ft cubes were cast for each mix design, where one of the 4-ft
cubes had 1-in insulation. The finite-element model compared well with the experimentally
measured temperature and strain time histories for both the non-insulated and insulated 4-ft
cubes. Mass definition tables for pier stems without insulation were constructed for two ambient
variation cases (60 °F to 90 °F and 30 °F to 60 °F). It was found that the Class M mix designs
behaved poorly in cold weather and provided a little benefit over the traditional OPC mix
because of its slow strength gain. Due to the higher w/cm ratio and lower early-age strength, the
maximum allowable non-mass element size decreased. The size of the mass definition table was
increased by adding an insulation layer. The insulation layer was assumed to be removed at 10days in the “worst-case” environmental condition (30 °F to 60 °F). Results show that a pier stem
with a circular cross-section is the best choice while the rectangular section is the worst. With the
insulation, the minimum dimension of mass concrete can reach 8-ft for a circular pier stem using
the Class M mix design. The mass definition tables provided allow engineers to quickly
determine if a concrete pier stem should be treated as mass concrete.
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Practices to reduce the risk of thermal cracking were discussed in Chapter 8. The thermal
cracking risk can be reduced by lowering the placement temperature, controlling the casting
time, and using insulation. The initial temperature can be reduced by using chilled water, ice or
cooling the fine and large aggregate. Based on the thermal analysis, it was found that an early
morning casting and insulation removal reduce the temperature difference. Furthermore,
increasing the insulation layer drastically decreases the early-age temperature difference.
However, the insulation layer must be removed at a later time (for example, 10-days) to ensure
that the thermal gradients will not be significant. Early insulation removal of insulated formwork
may take place if the temperature difference between the concrete surface and the lowest ambient
temperature is less than 53 °F but not less than 3-days when the concrete temperature is
monitored with an embedded sensor.
10.2 Highlights
In this study, a two step methodology to estimate the thermal stresses in mass concrete
structures with finite-element was developed. The steps consisted of a thermal and stress
analysis. A two-term degree of hydration was proposed to model the behavior of blended binders
more accurately with GGBFS and fly ash than traditional degree of hydration functions. Then,
the heat rate was derived for the proposed two-term degree of hydration function. Using
experimental test results, the degree of hydration parameters for five different mix designs were
found. Finite-element analysis using user subroutines, written to include the derived heat rate,
were conducted for 4-ft cubes. The temperature model was found to able to predict the
temperature time history of insulated and non-insulated concrete cubes. In the stress analysis, the
early-age concrete’s viscoelastic behavior was considered using the B3 model. The creep strain
increment was derived and written in a “CREEP” subroutine. The creep increment was
calculated using a strain super-position method and incorporated into a viscoelastic stress
analysis. Subroutines for a FEM program (ABAQUS) were developed to predict the stress timehistory considering early-age tensile and compressive creep during thermal loading and
unloading. Finally, the stress analysis of the 4-ft cubes was completed and compared to vibrating
strain gauges embedded in the concrete cubes. It was found that the model matched closely with
the experimental total strain. The finite-element methodology was extended to concrete pier
stems and used to develop practices to minimize the risk of thermal cracking.
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10.3 Recommendation for Future Study
Early-age stresses due to autogenous and drying shrinkage as well as thermal shock from
formwork removal can be incorporated in future studies. Furthermore, as the concrete’s tensile
stresses approach its tensile strength, the stress-strain relationship is non-linear, and therefore,
the elastic modulus and viscoelastic behavior are non-linear. Other researchers have introduced a
damage factor to consider the non-linearity of creep [115,131]. Atrushi stated that the tensile
creep becomes non-linear at stresses exceeding 60% of the tensile strength. Additionally, the
elastic modulus has been reduced by up to 75% when the tensile stresses exceed 70% of the
concrete’s tensile strength [115,131]. Therefore, the estimated maximum tensile stresses in this
study are conservative and may overestimate the actual early-age concrete stresses.
Pier stems are not the only bridge element that may be susceptible to early-age thermal
cracking. Pier caps and footers can be massive and have a high probability of early-age cracking.
Unlike pier stems, which can be for the most part generalized to three common geometries, a pier
cap’s geometry and boundary condition can vary significantly depending on the number of
bridge lanes and pier stems. Additionally, since the pier stems provide an external restraint for
the pier caps, the stresses at critical locations due to the combination of thermal loadings and
boundary restraints need to be investigated. Furthermore, since the bottom of footers are usually
in direct contact with soil or bedrock, the heat transfer of the soil is very important. The moisture
content and type of soil can greatly affect the probability of thermal cracking in the footers.
Therefore, a future study to accurately estimate the early-age concrete stresses and to produce
mass definition tables for common pier caps and rectangular footers with various boundary
conditions is recommended.
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Appendix:

Finite Element Analysis of 4-ft Cubes:

Figure A-1: Temperature analysis of Mix 1: Cube 2 (Cube 2 DOH parameters)
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Figure A-2: Temperature analysis of Mix 1: Cube 3 (Cube 3 DOH parameters)

Figure A-3: Temperature analysis of Mix 1: Cube 2 (Cube 1 DOH parameters)
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Figure A-4: Temperature analysis of Mix 1: Cube 3 (Cube 1 DOH parameters)

Figure A-5: Temperature analysis of Mix 2: Cube 1
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Figure A-6: Temperature analysis of Mix 2: Cube 2

Figure A-7: Temperature analysis of Mix 3: Cube 1
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Figure A-8: Temperature analysis of Mix 3: Cube 2

Figure A-9: Temperature analysis of Mix 4: Cube 1
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Figure A-10: Temperature analysis of Mix 4: Cube 2

Figure A-11: Temperature analysis of Mix 5: Cube 1

186

Figure A-12: Temperature analysis of Mix 5: Cube 2
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